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Diplom-Ingenieur in 1914, and Doktor-Ingenieur in 19 

Shortly after the end of the first World War, when the insta 
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smelting. In this connection, he undertook a visit to Scandir 
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in the future, as a result of changes in quality and availability 


Dr. Durrer made a special study of iron and steel production mett 


the so-called direct processes. 


In ieee Dr. Durrer was appointed Director of the Ferrous Meta 


of the Technische Hochschule, Berlin-Charlottenburg. In the 


worked in close contact with industry, in order both to direct resea 


most useful channels and to ensure that the results would be speedily 


of the results of the research work carried out under his guidance have beer 


in the Carnegie Scholarship Memoirs of the Iron and Steel Institute. 


During the last war he returned to his own country and founded the | 
of Metallurgy of the Eidgenossische Technische Hochschule, Zurich. 


time he was appointed a director of von Roll’schen Eisenwerke, A.G., tht 


his connection with industry. 
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are perhaps ‘‘ Die Metallurgie des Eisens,’’ ‘* Erzeugung von Eisen 


‘Verhutten von Eisenerzen ausser dem Verhutten im Kokschochofer 


recent work is entitled ‘‘ Grundlagen der Eisengewinnung.’’ For 
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years he has been concerned with the problem of producing irc 


oxygen-enriched blast, as he was convinced that this would enat 


economies in production. 
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Review of the Swiss Metal and Engineering 
Industries’ 


By W. M. von Orelli, Dipl. Ing.* 


SYNOPSIS 


Switzerland does not possess an iron and steel industry proper, at least not an 
industry of a magnitude comparable with that of the traditional iron and steel countries. 
The works existing in Switzerland usually form part of, or are connected with, engineering 


factories. 


Since, during the Summer Meeting, 1947, the members of the Iron and Steel 


Institute will have the opportunity of visiting some Swiss metal and engineering works, 


a review summarizing the whole industry might be of interest. 


In the following paper 


some characteristics of the industry are therefore described ; various raw-material problems, 
the historical development (including war-time activities), and more general problems 


are briefly considered in this connection. 


WITZERLAND is mainly known as a tourist 
S centre. It is not so well known as a country 

that has undergone an important industrial 
development, especially during the last century. 
This development may be illustrated by some 
figures of the 1941 census. Almost one-half of the 
4,300,000 inhabitants of the country have some 
occupation, the distribution of these occupations 


being as follows : 
Persons 


Occupation Employed, 
o 

Agriculture 20-8 
Mining 0-4 
Building : 6-9 
Crafts, etc. ... =e 9-4 
Industry (factories) a 5s 26-8 
Trade, banks, insurance companies is 9-9 
Hotel and catering trade 4-3 
Civil service, schools, hospitals... cas ace 
Domestic work, professions es je) | ES 
Transport 3:9 

100-0 


This list indicates the importance of industry 
in the economic structure of the country. If 


145 


JUNE, 1947 


industry is considered by itself, in terms of the 
number of workers (male and female) employed 
and the capacity of the various branches, the 
following picture is obtained (the power of the 
machines installed, the total of which amounts 
to about 1-4 million h.p. at present, is taken 
as a measure of the production capacity) : 


Percentage Percentage 
of Industrial of Total 
Industry Workers Power 
Employed Installed 
Bricks and cement ia a 3°4 8-0 
Food, drinks, and tobacco 20 6°8 8-5 
Textiles and clothing... owe ©6204 17°6 
Paper and printing re ae Sal 10+4 
Chemistry and pharmaceutics ... 4:1 10-3 
Metals and engineering ... .-» 36°5 36-0 
Clocks, watches and jewellery ... 9-4 1-7 
Timber and toys ... 6-3 7°5 
100-0 100-0 





* Received 14th April, 1947. 

t Secretary of the Verein Schweizerischer Maschinen- 
industrieller (Swiss Association of Machinery Manufac- 
turers), Zurich. 


JOURNAL OF THE IRON AND STEEL INSTITUTE 
A 








146 


It is not possible to give exact figures for the 
distribution of the above percentages between the 
metal industry on the one hand and the engineer- 
ing industry on the other, as these industries are 
too closely interlinked in Switzerland—there are 
practically no “ pure” metal works. The figures 
do show, however, the great part that is played 
by the metal and engineering industries compared 
with the others. The percentage distribution of 
the workers and capacity has not altered appre- 
ciably since 1941. 

Towards the end of 1946 the 2380 works of the 
metal and engineering industry employed about 
165,000 workers (about 12% of whom were 
women) or, including technical, commercial, and 
administrative personnel, about 220,000 persons. 
This indicates that on the average a factory 
employs only 71 or, including the staff, 90 
workers. Only two works employ over 5000 
workers, two 3000-4000, eighteen 1000-2500, 
twenty 500-900, and all the remaining works 
fewer than 500. These figures alone would show 
that the Swiss metal and engineering industry is 
highly specialized and that its output consists 
mainly of typical special products. This applies 
even at the stage of semi-finished products. With 
regard to rolled products, for instance, hundreds of 
sections are produced, but at least 50% of these 
are special sections required by the Swiss industry. 
In the larger works some 500-600 tons are 
occasionally rolled simultaneously ; but charges of 
about 0-5 tons are not exceptional, so that the 
average weight of the charge might amount to 
about 50 tons, 7.e., the industry is typically small- 
scale. With regard to finished products the 
American conception of mass production is un- 
known. As far as the finished products of the 
engineering industry can be classified as large-scale 
at all, the numbers concerned are always compara- 
tively modest, with a relatively high outlay in 
wages per piece. This applies even in the case of 
foundry products cast in series, such as the well- 
known malleable fittings of the iron and steel 
works of Georg Fischer, Schaffhausen, where 
almost 40% of the production cost is taken up by 
wages, and even more so in the case of other 
articles produced in series, such as typewriters, 
electricity meters, special tools, machine tools, 
etc. The “intensity of the work ’’—a further 
characteristic of nearly all products of the Swiss 
metal and engineering industries—is closely con- 
nected with the specialization of these products, 
which consequently require a comparatively high 
proportion of research, development, and construc- 
tion work per finished unit. In the following 
sections it will be pointed out why, with the 
industrial structure of Switzerland, there is no 
other possibility. 
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Raw-MaTERIAL SUPPLY AND OCCURRENCE 


Another peculiarity which must be mentioned 
is that the Swiss metal and engineering industries 
are wholly dependent on foreign countries for their 
supply of raw material, at least in normal times. 
Apart from a few unimportant manganese-ore 
deposits, non-ferrous ores worth mining do not 
occur in the country. There are some iron ores, 
however, even though they are only of limited 
practical use. The conditions with regard to coal 
deposits are similar. These two basic raw materials 
and the possibilities of their utilization will be 
briefly dealt with in the following sections. 


(a) Swiss Iron Ores 

It is known that the Romans mined and 
smelted iron ores in those parts of the Jura where 
ore-bearing strata outcrop, and that, in the late 
Middle Ages, the Fiirstbischofs of Basle owned 
the ore mines of the Jura and rented them for 
good money to more or less important “ industrial- 
ists.”’ At that time forgeable iron was produced 
on open fires, with the charcoal of the Jura woods, 
and was usually made into weapons and agri- 
cultural implements on the spot. Towards the 
end of the sixteenth century the first blast- 
furnaces were built, also in the Jura, especially in 
wooded districts. Where water power was avail- 
able it was used for working the blow-pipes and 
hammer mills. The first wire forges and drawing 
mills were likewise founded at that time (in the 
Biel district). Despite the ruthless mining during 
the Thirty Years War and the after-effects of the 
French Revolution, numerous blast-furnaces and 
forges using charcoal were still left in the Jura 
at the beginning of the nineteenth century. They 
might have formed an important source of raw 
material for the Swiss engineering industry which 
was developing at that time. But the seven 
blast-furnaces still in existence in the Jura at 
about 1850 had gradually to be blown out, even 
though they had experienced a short-time peak 
period during the development of the engineering 
industry ; for from that time onwards cheap 
pig iron made with coke, mainly in Lorraine, 
could be imported into Switzerland by rail. The 
only blast-furnace which remained in commission 
was that built by von Roll in 1846; it was 
converted to the use of gas coke in 1875. For 
economic reasons even this had to be blown out 
in 1935, but in 1943 it was replaced by an electric 
low-shaft furnace on account of the great shortage 
of iron during the Second World War. 

The production of iron in the Jura was based 
on the presence of bog ore, limonite, Fe(OH),, in 
a small region in the north-western part of 
Switzerland at Delémont-Choindez. It is typical 
of bog ore that the percentage of mineral content 
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in the various deposits fluctuates greatly ; another 
characteristic is its occurrence in granules of the 
size of beans or nuts and of very variable density, 
embedded in ‘bolus’ clays. After washing, bog 
ore has the following composition : 


Fe,% Mn,% Si0,,% Al,0,,%  Ca0,% P,° S, % 


Fe ° 0 
42 0-43 13-4 15-2 0-3 0-03 0-1 


Because of the low phosphorous and sulphur 
contents it was possible, especially when using 
charcoal, to produce iron of a quality almost equal 
to that of Swedish charcoal iron. It is of interest 
that the limestone (CaCO,) required for smelting 
is found in the Jura too. 

Some other Swiss iron ores which were for- 
merly mined and smelted in the country may be 
mentioned. There are first the ores of the middle 
northern Jura, the so-called Fricktal Dogger ores, 
which are also limonite. The iron-bearing con- 
stituents of this ore are oolitic grains with a 
maximum diameter of 1 mm., their average 
analysis being as follows : 


Fe,% Mn,% Si0,, % 
2 0-06 13-6 5°5 13-0 2-0 


Al,0;,% (€a0,% Mg0,% P,% 5S, % 
D : 0-5 0-2 


oo) 


The mining of these ores was started only a 
short time before the Second World War, but 
unfortunately their iron content is exceedingly 
low, so that the smelting process is quite un- 
economic. The high phosphorus content allows of 
the production of a pig iron of Luxemburg III 
type, however. 

In the east of the country, about 1500 m. above 
sea level, one of the highest-iron Swiss ores, the 
Gonzen hematite (Fe,0,), is found. In the valley 
below, not far from the mines, small blast-furnace 
plants were built at the end of the last century 
for the smelting of this ore, spiegeleisen being 
produced. During the two World Wars the 
mining in particular was intensified, although, 
owing to insufficient Swiss blast-furnace capacity, 
smelting was partly carried out outside Switzer- 
land by a barter agreement. The Gonzen ores 
have the following mean composition : 


Fe,% Mn,% SiO,, 


% Al,O,, % Ca0,% Mg0,% P,% 5S, % 
52 0-8 5-2 0-6 5 


)-6 7°5 0-9 0-05 0-5 


Finally, in the south of the country (Valais) 


TaBLE I—Swiss Iron-Ore Deposits 


magnetite deposits were discovered and mined 
at Mont Chemin. These ores form lens-shaped 
aggregates which are embedded at very irregular 
intervals in marble and granite. Their mining 
is thus carried out at great risk and high cost, 
despite thorough geological and magnetometric 
survey of the zone. The Mont Chemin ores yield 
the following average analysis : 


Fe,% Mn,% SiO,,% AlO;, % 


CaO,% Mg0,% P,% S, % 
40 0-2 17-0 2-0 5-0 12: 


dD O-] O-4 


Some other Swiss iron-ore deposits which have 
been explored but have no practical importance 
cannot be dealt with here. The data in Table I 
give some idea of the magnitude of the various 
deposits mentioned. These figures clearly show 
that iron-ore mining on a large scale will not be 
possible in Switzerland as long as foreign pig iron 
is available at a reasonable cost and in the qualities 
required by industry, at least not until new 
technical methods are developed which allow of 
economic smelting of the low-iron Fricktal ores. 
The data given illustrate the well-known phrase 
that “‘ Switzerland is rich in poor deposits.” 


(b) Swiss Coals 


The phrase “ poor deposits’ applies also to 
Swiss coal deposits, which are very limited in 
number as well as output. They mainly occur in 
the vicinity of the Alps and in the Alps proper. 
Especially in the latter case they are usually 
rather inaccessible and very irregular, the output 
of the various deposits being difficult to estimate 
in advance. Apart from these geological condi- 
tions, which render the mining of the coal much 
more expensive than in the traditional coal- 
producing countries, the unsatisfactory quality 
of Swiss coal is the reason why it is made use of 
only in times of great scarcity, e.g., in times of 
war. 

The following are the main qualities of coal 
found : Anthracite (from the Carboniferous period, 
occurring in the southern Alps of the Valais 
Canton); brown coal (before and during the 
Eozoie period, in the northern boundary of the 
Alps) ; and slaty coals (from peat moors of the 





Zone Type of Ore 


Reserves, tons 


Ore Mined to Date, 


tons | Proved Estimated 














Northwestern Jura | Bog ore 2,000,000 100,000 4,000,000 
Northern Jura Dogger ore 1,200,000 50,000,000 2 
East Switzerland Hematite 1,000,000 200.000 | ? 
South Switzerland Magnetite | 35,000 5.000 ? 
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TaBLeE [I1—Compositions of Swiss Coals from Various Mines 














| | 


Anthracite | Brown Coals | Slaty Coals 
Constituent | 1 } Fr 1 r 
| Average | Max. | Min. | Average | Max. | Min. | Average | Max. | Min. 
| 
| | | | 
Carbon, % ~60 | 61 | 59 | ~41 | 64 27 ~ll | 13 | y 
Volatile combustible com- | | | 
ponents, % ~4 5 4 | ~24 40 6 | ~24 | 28 21 
Sulphur, % [we fos poe 6 2 , a a oe 
Water, % ~5 | 7 | 4 | 6) uu | 2 ~56 | 66 | 49 
Ash (including CO,), % ~30 | 32 | 29 PAG. | ot | 8 ~10 | 13 | 5 
Lower calorific value, cal./ 
kg. ~4930 4962 4898 | ~5300 | 7700 4050 ~1545 2000 | 1196 
| | 





Glacial period, along the northern boundary of the 
Alps). The average compositions and calorific 
values of the various types of coal (moist and 
before washing) are given in Table IT. 

It can be seen immediately from Table ITI that 
Swiss coals are far inferior to good foreign coals, 
in quality as well as calorific value. The data also 
show the great fluctuations in the compositions of 
the coals (with the exception of anthracite), 
depending on their origin. Furnaces must, there- 
fore, continually be adapted to the various 
qualities of coal—the high ash and sulphur 
contents of certain brown coals necessitating 
special precautions. 

In the iron and steel industry, especially for 
the production of producer gas, anthracites are 
mainly used, with the addition of 25-50% of 
more reactive coke. Despite their comparatively 
high content of volatiles, Swiss brown coals 
can be used in generators only if special measures 
are applied, such as preliminary drying, admixture 
of imported coal and coke, carburization by 
the addition of fuel oil, etc. A further dis- 
advantage is that they do not cake readily, 
so that they must be stirred up continually ; and 
finally their high ash content is undesirable. 
During the war, however, brown coals and even 
slaty coals had to be used for the production of 
producer gas. The use of rotary-grate gas pro- 
ducers, automatic removal of the ash, and exact 
measurement of the water vapour added to the 
air were always found to be indispensable. 

These few general data regarding Swiss coal 
indicate that a calorie produced from them, even 
under optimum conditions, must cost several 
times more than a calorie from ‘“ world market 
coal,” not only because of the inferior quality and 
the expensive mining of Swiss coal, but also 
because of the additional technical and manual 
work required in its utilization. 

Complete absence of non-ferrous metals, poor 
iron-ore and coal deposits, absence of sources of 
liquid fuel on Swiss soil—all these lead to the 
conclusion that, at least as far as raw material is 
concerned, Switzerland does not offer suitable 
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conditions for the development of the metallurgical 
and engineering industries. Why, in spite of all 
difficulties, these industries have become an 
important factor in Swiss economy will be 
shown in the following sections. 


THE DEVELOPMENT OF THE Swiss METAL 
AND ENGINEERING INDUSTRIES 


Swiss industry obtained its real impetus from 
the abundant water power available in the 
country. Particularly was this so when, towards 
the end of the eighteenth century, the first 
mechanical spinning and weaving machines, 
invented in England, had been imported and 
could be driven most economically by water 
wheels produced in local workshops. However, 
owing to the Napoleonic wars on the one hand, 
and the rather primitive transport conditions 
of that time on the other, it was difficult to 
procure spare parts and new machines. Based on 
skilled craftsmanship and sound enterprise, small 
repair workshops and foundries were started here 
and there in the country (blast-furnaces and 
hammer forges being in existence already), which 
first produced spare parts only, but subsequently 
whole machines and eventually even “ water 
motors,” as they were called at the time. 

Then the steam engine was introduced, also 
from England. Factories could be erected inde- 
pendently of the presence of water power, and 
many workshops which had become larger in 
the course of time began the construction of 
boilers and steam engines. From such beginnings 
firms were developed which today are known all 
over the world, such as Escher-Wyss, Rieter 
(originally textile, later machinery, manufacturers), 
von Roll (forges and smelting works), the Fischer 
iron and steel works (originally concerned with 
the casting of bells, later with the production of 
crucible steel), and Gebriider Sulzer (originally a 
brass foundry). All these firms have been in 
existence for more than a century. 

Switzerland (7.e., Basle) was connected with the 
Alsatian railway system only at a comparatively 
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late date (1844). In 1847, after lengthy considera- 
tions of the “‘ moral and economic dangers,” the 
first railway between Ziirich and Baden was 
opened. At first the rolling stock used was of 
foreign origin. Later, however, the Escher-Wyss 
works and various railway workshops built a 
few isolated engines. In 1853 the oldest wagon 
works (Neuhausen) started work ; while in 1871 
the Schweizerische Lokomotiv- und Maschinen- 
fabrik, Winterthur, was founded, which exercised 
a decisive influence in the development of rolling 
stock on main, side, and mountain lines. 

At that time raw materials did not form a 
problem. The rapidly growing European, includ- 
ing the Swiss, railways had no difficulty in procur- 
ing the building material and fuel required. 
Water power was further utilized, even though 
with mechanical transmission of power. 

The development of the production of electricity 
gave a new impetus, especially when, in 1891, the 
Maschinenfabrik Oerlikon succeeded in transmit- 
ting high-voltage three-phase current over long 
distances with very slight losses. It was only in 
this way that the industrial utilization of electri- 
city and the economic exploitation of water power 
previously “not fit for transport’ became 
possible. The subsequent rapid development of 
electric engines and apparatus (by Maschinenfabrik 
Oerlikon, Brown-Boveri, Ateliers de Sécheron) led 
almost automatically to important new designs 
of water turbines (Escher-Wyss, Charmilles, 
Vevey, Bell, and others). Only in this way did it 
become possible to make full use of the water 
power available in the country. Modern water- 
power plants fulfil the most exacting requirements 
with regard to efficiency, control, and adaptability, 
the water turbines influencing the design of 
generators, switch gear, and power-transmission 
installations—and vice versa. 

It is not possible to deal with all fields of pro- 
duction of the Swiss metal and engineering 
industry in this brief review. However, mention 
must be made of the fact that the development 
of the engineering industry is based on the 
availability of suitable machine tools and testing 
machines. Many of these are manufactured in 
Switzerland. Names like Société Genevoise 
d’Instruments de Physique, Maag - Zahnrider 
A.G., Amsler & Co., and Werkzeugmaschinenfabrik 
Oerlikon may be generally known. In addition 
other reputable firms have taken up the manu- 
facture of machine tools in recent years. It must 
be emphasized, however, that these products are 
nearly always specialized, e.g., the machines of 
the watch and clock industry, and that the 
machines in general use in Swiss engineering 
works include a high proportion of foreign, 
especially American and German, manufacture. 

For the sake of completeness other groups of 
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products characteristic of Switzerland may be 
mentioned. These include, for instance, heat 
engines (Diesel motors and steam and gas tur- 
bines), all kinds of textile machinery (made by 
Rieter, Riiti, Dubied, Saurer, and others), wood- 
working, agricultural, flour-mill, and food-industry 
machinery, besides lorries and tractors (motor cars 
are not made in Switzerland), electric and 
mechanical precision and measuring instruments. 
With a few exceptions none of the items mentioned 
is suitable for mass production. 

Although various groups of products charac- 
teristic of the Swiss metal and engineering 
industries have been enumerated above, some 
individual products of historic interest or in the 
stage of development may be quoted. Thus in 
the thermal field the well-known valve control 
for steam engines (about 1880) the first 1000-h.p. 
Diesel locomotive with mechanical power trans- 
mission (1910-12), and the 12,000-h.p. marine 
Diesel engine (1938), all of Sulzers, may be men- 
tioned, and the Zoelly action steam turbine (before 
1900), and a first experimental railway engine 
driven by a steam turbine with mechanical trans- 
mission (1922), designed by Escher-Wyss. Other 
interesting examples are Biichi’s well-known 
waste-gas loading method for Diesel engines, the 
‘Velox’ boiler by Brown-Boveri (with pressure 
combustion space), Sulzer’s monotube steam gen- 
erator, ‘heat pumps’ developed by several firms 
(in which the latent heat of natural water is used 
for industrial heating), the gas turbine and its 
applications (e.g., driving a 2200-h.p. Brown- 
Boveri locomotive with electric transmission 
1940), and the aerodynamic Escher-Wyss turbine 
(in which the rotor is driven by a closed-cycle 
air stream and not by combustion gases). 

In the field of electrical engineering mention 
may be made of electric traction, which covers 
over 95% of Swiss railways at present (mainly 
15,000-V., one-phase A.C., first experiments being 
carried out by Ateliers Oerlikon between 1903 and 
1907) ; also of the development of the rectifier 
and high-speed switch; and, the most recent 
development, of the transmission of high-voltage 
D.C. over great distances (Brown-Boveri), which 
is particularly advantageous with regard to the 
cost of installation and maintenance. 

Finally, reference must be made to the pro- 
gress in connection with light rolling stock, 
including coaches (Neuhausen and Schlieren) 
and engines (Schweizerische Lokomotiv- und 
Maschinenfabrik, Winterthur), which incorporate 
steel-aluminium tube-type design, torsion springs, 
ete. 

These few examples taken from the heavy 
engineering industry are meant to show that as 
a rule Swiss firms are not restricted to one special 
product, but that they aim at original solutions 
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and new creations in each field. Again we are 
not concerned with mass production but, as 
always in Swiss industry, with high-class crafts- 
manship, careful selection and preparation of the 
materials and, last but not least, with intensive 
development and research work. 


Neither the above descriptions nor the historical 
outline of the development answer the question 
of how it was possible that the metal and engineer- 
ing industries could develop so in Switzerland, a 
country without suitable raw materials. It must 
be borne in mind that Switzerland has not had 
any war on her own soil for more than three 
centuries, so that she has not been exposed to 
destruction and looting ; although, being closely 
connected by trade with neighbouring and more 
distant countries, the frequent religious and 
dynastic struggles have not been without effect. 


From very early times Switzerland was depen- 
dent on the export of her work—trade, crafts- 
manship, service of various kinds, and not least, 
soldiers to fight the wars of foreign rulers. In 
this way the country became reasonably well-to-do 
in the course of time, the capital accumulated 
being subsequently invested during the period 
of the beginning of industrialization. Further 
points favouring this development were the care- 
ful and reliable work of the craftsman and, later, 
of the worker ; the enterprise of the well-to-do 
classes ; the close connection, by trade, which 
had been gained with countries technically 
advanced at an earlier date (many young Swiss 
men received their training in England at the 
beginning of the nineteenth century); the 
thorough training of the young generation, 
started at an early date (the Technische Hoch- 
schule at Zurich was founded in 1855) ; and the 
free political atmosphere, which together with the 
progressive social measures in favour of the 
employees, was based on the democratic system 
of government. 


A factor of particular importance in the develop- 
ment of Swiss industry was the absolute necessity 
of procuring by indefatigable work a livelihood 
which, because of the poor soil of the country, is 
not provided by nature. Only by intense working 
of foreign raw material (indigenous material being 
practically absent) and by the export of some of 
the finished articles produced in this way is it 
possible for Switzerland to supplement the home- 
grown food supply as it is essential to do, since, 
despite intensive agriculture, home-produced food 
would not even be sufficient for seven months of 
the year. Only by export is it possible to get 
in return the textiles required for clothing the 
population, the coal and liquid fuel for industry, 
gasworks, transport, and heating, and the other 
materials which the country does not possess. 
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To summarize, it may be said that the industrial 
development and position of Switzerland are 
simply the sine qua non for the existence of the 
country and her inhabitants. Even so, in normal 
times Switzerland’s share in the total world export 
amounted to only about 1-3%, and of this, 
20-30% consisted of products of the metal and 
engineering industry. That it was just this branch 
of industry which underwent the most marked 
growth and advanced ahead of all the others is 
due to the fact that during the first few decades 
of its development the raw-material resources in 
the country were adequate for the conditions 
prevailing at that time. Because of the sub- 
sequent facilitation of transport by the railway, 
the source of raw materials was transferred to 
foreign countries, and the cost of the materials 
was reduced ; but Swiss supplies would not, in 
any case, have been able to stand up against 
foreign competition in the long run. It was only 
the utilization of the indigenous water power, 
converted into electricity, which brought the new 
additional impetus that finally decided that 
metals and engineering should become the most 
important part of the country’s industry. 


THE Swiss METAL AND ENGINEERING INDUSTRIES 
DURING THE SECOND WorRLD WAR 


Since Swiss economy depends to such a great 
extent on foreign raw material it is obvious that 
a European war is a great danger to the country, 
even without going into the military side of the 
problem. During the First World War the danger 
to Swiss economy was great, but it was still more 
so in the Second, during which the country was 
for years completely surrounded by the Axis 
partners. Quite apart from the fact that on 
account of this menace hundreds of thousands of 
men were called to the army from their places 
in the field, the office, and the workshop, the 
traditional exchange of goods with other countries 
could be kept going only to a very limited extent 
and with great difficulty. The vital import trade 
was controlled and partly prevented by the Axis 
Powers. In this way Switzerland could import 
from the Allies only to a value of 2000 million 
francs (including sea freights) during the whole 
of the war, whilst her exports to these countries 
amounted to 1700 million francs. During the 
same period imports from the Axis countries 
reached 7100 million francs, and exports to these 
countries 5300 million francs, 7.e., the former 
exceeded the latter by 1800 million francs. 
Incidentally, the Allies were all the time kept 
officially informed of the trade carried on with 
the Axis partners. 

The supply position in Switzerland during the 
war will be considered in the following sections 
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on the basis of data for the most important raw 
materials for the metal and engineering industries, 
i.e., iron and coal. The position became more and 
more precarious owing to the blockade and 
counter-blockade on the one hand, and the 
increasing demands of the combatant nations on 
the other. 


Iron and Steel Supplies 


Before the war the average yearly imports of 
iron amounted to about 450,000 tons. Of this 
some 100,000 tons consisted of sheet metal and 
roughly 70,000 tons of pig iron for foundries and 
rolling mills. This yearly import of iron covered 
all the requirements of the country, 7.e., not only 
the engineering industry but also building, the 
railways, the army, and the artisans. At that 
time the iron imported was supplied mainly by 
France, Germany, and Belgium—Luxembourg, 
in the proportions of about 40, 30, and 15% 
respectively. 

At the beginning of the war Switzerland pos- 
sessed a certain reserve of iron—for it had been 
anticipated for years in Switzerland that the 
German power politics were directed towards 
war. Otherwise the shortage of iron alone might 
have led to a catastrophe, especially from the 
military aspect. In fact the iron imports during 
the war years were as follows : 


Iron Imports, Decrease from the 


Year tons 1939 Imports, % 
1939 pos Se ..- 400,000 aa 
1942 a ere ... 300,000 33°3 
1943 o eee ..- 156,000 65-4 
1944 ee Kee .-- 140,000 69-0 
1945 ar see ..- 125,000 72°3 


With regard to the source of the iron imported 
during the war, the following approximate figures 
may be quoted: Germany 45%, Belgium- 
Luxemburg 17%, Sweden 10%, France 8%, 
U.S.A. 6%, and Czechoslovakia and Italy each 
3%. 

The reserves in stock at the beginning of the 
war would not have been nearly enough to cover 
the import deficit for industry and the army. 
At the beginning of the war, however, some 
semi-official organizations, formed previously, 
began to operate, and they, in close co-operation 
with commerce and industry, “ mobilized” all 
the iron and steel in the country that was not 
being utilized. This included in particular the 
tracing of scrap available from agricultural 
machinery, industry, workshops, etc. This was 
melted into soft steel in electric furnaces (some 
of which had been in commission previously, 
whilst others were newly erected) or, at steelworks, 
into ingots or steel castings. In this way the 
industry utilized about 900,000 tons of scrap in 
the course of the war. 
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The capacity of the rolling mills was increased 
by making use of mills designed for non-ferrous 
metals, some of which had not their usual raw 
material. Although this measure increased the 
wear of the mills designed for other purposes, it 
seemed to be justified under the conditions 
prevailing. 

Finally, by suitable administration, control 
and, where necessary, even restrictions, it was 
arranged that the iron and steel available were 
reserved for purposes of economic and military 
importance. 


Alloy Steels 


In respect of alloy steels it must be considered 
fortunate that some Swiss manganese-ore (MnO,) 
deposits, not worth mining in normal times, were 
known. In spite of their most unfavourable 
geographical situation, partly in the mountains, 
their mining was organized and their smelting to 
ferromanganese and silicomanganese taken up in 
the electric calcium-carbide furnaces available. It 
is difficult to imagine what would have become of 
the Swiss iron and steel industry without these 
indispensable deoxidizers and alloy additions. 

That great difficulty was encountered in pro- 
curing the additions needed for alloy steels, 
especially chromium and nickel, may be mentioned 
in passing. Only by the strictest allocation of the 
pre-war stock available and by protracted negotia- 
tions with possible supply countries was it possible 
to fulfil the most urgent requirements. A certain 
amount of chrome ore that had been in stock was 
smelted in the country during the war. Some 
nickel, too, was available at the outbreak of the 
war ; subsequently nickel was mainly obtained 
from nickel-bearing scrap—at least in times when 
it was not possible to get even an occasional ton 
or so of nickel ingots (ferronickel) from Finland. 
With regard to molybdenum, it was necessary 
to fall back entirely upon the reserve stock 
available in the country; the recovery from 
turnings played a great part in this connection. 
Thus the precautionary measure of building up 
some reserve taken by some leading industrial 
firms proved to be a blessing also with respect to 
alloy additions. It may be mentioned that, thanks 
to the united action of the country’s iron and steel 
industry, the temporary manufacture of melting- 
bath electrodes, a dolomite plant, special clay 
quarries, etc., were established in the course of 
the war—measures which made it possible for 
the iron and steel industry to survive the long 
war years. 


Pig-Iron Production 


In Table III are indicated the serious reduction 
of the imports of pig iron (which before the war 
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had been supplied mainly by France, Germany, 
Holland, and Luxemburg) and the consequent 
increase of the Swiss pig-iron production (using 
indigenous ores). 

The figures indicate that with the end of the 
war, in 1945, imports could be slightly raised, the 
great reduction of the home production during 
that year being due to the shortage of coal. 

The total pig-iron production in Switzerland 
during the war amounted to slightly more than 
75,000 tons. At first the indigenous ores were 
smelted in existing electric carbide furnaces at 
Flums (near the Gonzen ore deposits) and Bex 
(Valais), the electric low-shaft furnace of von Roll 
(Choindez) being put into service in 1943. Depend- 
ing on the requirements of the foundries, the Swiss 


TaBLE I]I1—Pig-Iron Supplies 











Pig Iron | 
| Deficit, 

Year |- % | 

Imported, | Home Pro- Total, | 

tons duction, tons tons | 

1939 | 70,000 |... 70,000 | .. | 
1942 | 28,000 13,000 41,000 | —41°5 
1943 12,000 16,000 28,000 | —60-0 

1944 7000 30,000 37,000 | —47-0 | 

16,000 3000 19,000 | —73-0 | 

| 

| 





ores served mainly for the production of hematite 
and hematite-like qualities of pig iron (type 
“German I’), of spiegeleisen, of iron with high 
and low silicon contents, and of “ Luxemburg ” 
pig iron. Towards the end of the war pig iron for 
steelmaking was produced in addition (especially 
from scarf). Foundry scrap from organized scrap 
collections was directed to grey-iron foundries. 

The ores mined in Switzerland during the war 
but not smelted, on account of inadequate blast- 
furnace capacity, were mainly exported to 
Germany, in return for a corresponding “ iron 
equivalent ”’ (certain semi-finished products, sheet, 
and heavy sections, etc., that cannot be manufac- 
tured in Switzerland). In general, Switzerland had 
succeeded in obtaining from the Axis Powers 
complete replacement of the material of nearly 
every consignment supplied. 


Coal Supplies 


During the war the coal supply formed a still 
more serious problem than the iron supply. 
Before the war the following countries had been 
the main suppliers (the percentages being the 
average between 1932 and 1939) : Germany 49%, 
France 21%, Holland 10-8%, Great Britain 10%, 
Belgium 4-7%, and Poland 3-7%. During the 
war (1940-1944) these percentages were of neces- 
sity altered in favour of Germany (87%). 
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Before the war the average yearly import of 
coal was 3-3 million tons. This figure decreased 
almost linearly until 1945, the import amounting 
to only 0-23 million tons in that year, i.e., 7% of 
the pre-war value. The numerical data given in 
the following may illustrate how much—or rather, 
how little—the Swiss coal deposits could help, 
despite most intensive exploitation : 

In 1943, 18 anthracite pits with a total monthly 
output of about 10,000 tons were in operation, 
together with 25 brown-coal pits with about 
6000 tons/month, and 4 slaty-coal pits with ‘at 
most 8000 tons/month (during the summer only, 
as mining was open-cast and because of the high 
water content of slaty coal). If it is borne in 
mind, however, that the pre-war coal consumption 
of Switzerland was 250,000 tons/month it is 
obvious how small the contribution to the fuel 
supply of. the country was that could be made 
by its own soil, despite all efforts. 

Before the war the average yearly consumption 
of imported coal in the metal and engineering 
industry, including smelting works, rolling mills, 
and foundries, amounted to 135,000 tons, which 
by 1943 had been lowered to 30,000 tons, even 
though electric furnace plants had been put into 
commission in the meantime. In the same year, 
however, 50,000 tons of indigenous fuel, including 
wood, peat, and Swiss coal, could be put at the 
disposal of the iron and steel industry. However, 
that these substitutes were bound to be unsatis- 
factory and necessitated numerous emergency 
measures is obvious from the information given 
in Section II. Still, compared with the civil 
population the industry enjoyed a privileged 
position with regard to the supply of raw material 
and fuel, so that, despite all restrictions, it was 
able to fulfil its important task in the interest of 
the country. 


Electricity 


All this, however, would not have been possible 
without further aid, namely, that of electricity. 
Apart from human labour “white coal” is 
practically the only “raw material”? of Switzer- 
land, and even this is not available in unlimited 
quantity. As an illustration, it may be mentioned 
that before the war (hydrographic year 1938-39) 
Swiss electricity production reached 7170 million 
kWh., and in the last yearly period (1945-46) 
10,130 million kWh. But the demand during this 
time, especially for heating, had increased by 
almost 100%, owing to the reduced import of 
fuel, so that it could not be satisfied completely. 

The increased production during the war was 
due to the enlargement or the new erection of 
various hydro-electric stations. During the 
hydrographic year 1945-46 the percentage increase 
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METAL AND ENGINEERING INDUSTRIES 


in consumption in various fields compared with 
1938-39 was as follows : 


Increase in 


Use Consumption, % 
Electric boilers ae =e ae 177% 
Trade and household... aa ae 112% 
Industry eae a nee Bac 31% 
Railways 27% 


In this way a certain amount of coal was saved 
but coal was by no means completely replaced. 
Electric boilers replaced some of the coal firing in 
industry ; trade and domestic consumers partly 
supplemented the greatly reduced gas production 
by electricity ; industry (e.g. electric boilers and 
furnaces) and railways introduced electrification 
whenever possible. Nevertheless, severe restric- 
tions had to be imposed everywhere. In this way 
the total 1945-46 production, based on the 
maximum output from hydraulically driven 
generators of about 2,500,000 kWh. towards the 
end of 1945, was distributed as follows : 


Percentage of Total 
Production Con- 


Use sumed 
Electric boilers see sad re 17-1 
Trade and household... sey bx, 36°3 
Industry eF 5" ar ee 35°5 
Railways ge nee xe gek 11-1 


100-0 

Compared with the thermal production of 
electricity hydraulic production has the dis- 
advantage that the generator capacity of the 
power stations cannot be utilized during the 
whole year, but only as long as an adequate 
water supply is available. In this respect the 
winter months are critical in Switzerland, as they 
combine the maximum electricity consumption 
with the lowest water level of the rivers. The 
metal and engineering industries had to be adapted 
again and again to these seasonal changes, from 
the mining of iron ore and coal to the electric 
furnaces and the driving of machinery. It must 
be considered a blessing that during the years of 
the greatest coal shortage the weather conditions 
were comparatively favourable. Otherwise it 
would have been necessary to subject Swiss 
economy and industry to still more restrictions. 

These general data regarding the type and use 
of hydro-electricity are merely meant to serve as 
a reminder that even the ‘‘raw material ”’ 
electricity forms an unknown factor which can 
only be determined approximately in advance, 
especially over long periods. 


Manufacturing Problems 


The raw-material problem was noticeable every- 
where, and became more and more acute as the 
war went on. The general shortage also led 
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indirectly to emergency measures with regard to 
constructional problems. It is not possible to 
enumerate all these here, but a few examples may 
be quoted : the raising of the permissible (normally 
rather low) stresses in steel and reinforced concrete 
constructions ; increased use of welded-plate 
constructions (as far as plate was available) 
in the place of grey-iron castings in machinery ; 
substitution of tinplate in the preserve industry 
by cardboard or “ Pergamoid”’ with aluminium 
foils; substitution of copper and its alloys 
(copper and tin being amongst the scarcest 
raw materials) by zinc alloys for screw fittings, 
by aluminium alloys for electric-transmission 
cables, by aluminium wire for the coils of electric 
apparatus, by iron wire in railway contacts 
(though only on shunting tracks at stations), etc. 
The replacement of steel pylons for electric trans- 
mission by concrete and wooden poles and the 
introduction of synthetic resins in machine con- 
struction (for casings, handles, etc.) were obvious. 
With regard to standardization, special standards 
were issued during the war for substitute materials, 
machine parts, and tools (use of special steels). 

Science, industry, and economic organizations 
co-operated closely in order to bring about the 
greatest possible saving of all irreplaceable raw 
materials ; for—and this was the decisive factor 
during the whole of the war—production had to 
be continued, as the army, home consumption, 
and even export continued their requirements. 
Some export was essential for ensuring the 
country’s supply of indispensable food and raw 
materials. 

The Swiss metal and engineering industry 
played its part in fulfilling the tasks which had 
been entrusted to it in the interest of the country. 
It is aware, however, that in spite of all emergency 
measures and restrictions, the fulfilment of these 
tasks did not form nearly such a difficult problem 
as in the countries involved in war. 


PRESENT-DAay PROBLEMS 


Switzerland recognizes gratefully that she has 
entered the post-war period with practically 
undamaged houses and factories, although her 
reserves of raw material are practically exhausted 
and must be replaced as far as possible. The 
requirements which have been accumulating for 
years, more especially at home, but also in foreign 
countries, ensure adequate occupation for Switzer- 
land in the near future. Nevertheless, Swiss 
industry, especially the metal and engineering 
industry, is faced with the question of whether 
there will still be a reliable basis for existence in 
the more distant future. Will Switzerland be able 
to continue to occupy her place in the world 
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market in spite of her small and uneconomic 
resources of raw material and in spite of the fact 
that she has neither access to the sea nor 
colonies ? Will she, with her small industrial 
equipment, remain in a position to export in the 
future, although foreign industrial capacity has 
increased tremendously during the war, which 
cannot be without consequence ? 

At first sight it might seem that these questions 
should be answered in the negative, if it is taken 
into account that Switzerland is compelled at 
present to acquire her raw materials from countries 
which in normal times would hardly have been 
considered as suppliers. Thus, owing to the 
interruption of the supply from Germany, coal is 
imported from Turkey, from the United States, 
and even from South Africa ; and semi-finished 
steel products—as far as they are available at 
all—from the United States. However, if it is 
borne in mind that even these raw materials are 
more economical than if they were mined or 
produced in Switzerland and that on the basis of 
the present limited-transfer conditions import is 
in the end compensated for by export, the 
questions may be answered in the affirmative 
for the present transition period—but for the 
more distant future the answer is in the affirma- 
tive only if certain conditions are fulfilled, viz. : 


VON ORELLI: REVIEW OF THE SWISS METAL AND ENGINEERING INDUSTRIES 


Abroad—Complete restoration of political and 
economic liberty all over the world, and confi- 
dence in the adherence to agreements signed. 
Documents like the Atlantic Charter or the 
Bretton Woods Agreement entitle one to hope 
that these conditions may be fulfilled. The 
experience gained in Switzerland, and probably 
all over the world, with an artificial autarchy 
has shown again and again that in this way the 
whole commercial and industrial mechanism 
works less economically and thus, in fact, less 
efficiently than if raw materials and finished 
goods can be obtained by free exchange from 
the countries where they have been supplied 
by nature, and from which they can be imported 
the shortest possible distance for further treat- 
ment. 

In Switzerland—Adherence of the industry 
to its traditions, continuously developing these 
further. These traditions include: Continual 
research and new ideas, production of high- 
quality goods of “ individual ”’ character, and 
serious and reliable fulfilment of all engagements 
entered into. 

Under these conditions Switzerland will be able 
to justify in the future the confidence that she 
has received in the past ; and at the same time it 
will be possible for her to co-operate with other 
countries in sound and fair competition. 
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dd SYNOPSIS 
ol A number of determinations have been made of the hydrogen content of plain carbon 
' and alloy steels at different stages of manufacture, viz., in the electric-arc and open-hearth 
y furnace, and in ingots, billets, and forgings. The experiments on semi-finished products 
~ confirmed the results of previous work on steels artificially impregnated with hydrogen 
al and indicated that ductility is reduced with hydrogen contents in excess of 2 c.c./100 g. 
a Even when steel is melted under carefully controlled conditions, hydrogen contents of 
d 4-6 c.c./100 g. are to be expected, which will adversely affect ductility if not removed. 
bs A study of the effects of various heat-treatments on hydrogen contents and susceptibility has 
le shown that relatively high hydrogen contents do not automatically lead to hair-line cracks. 
No conclusive evidence was obtained on the question of segregation, although some alloy-steel 
a ingots and forgings showed wide variations in hydrogen content. On the basis of certain 
ut assumptions, data on permeability and solubility have been used to calculate values for the 
. diffusivity of hydrogen, which have made possible the prediction of the rate of loss of hydrogen 
from steels at temperatures down to 400° C., at relatively high hydrogen concentrations. 
The results of the experiments are discussed in relation to the theories put forward by 
other workers on the subjects of hydrogen in steel and hair-line-crack formation. 
INTRODUCTION of the problem might indicate were excessively 
N recent years a good deal of attention has been conservative in the great proportion of cases. 
n paid both by the steelmaker and by the research The subject of hair-line-crack formation has 
” worker to the effect of hydrogen on the been studied for a number of years by a Research 
ol susceptibility of steel to hair-line-crack formation _Committee—the Hair-Line Crack Sub-Committee 
and on the ductility of steel. Whilst the presence —representing the alloy-steel manufacturers of 
n of hydrogen in amounts greater than, say, this country, and recently papers have been 
<e 2 c.c./100 g. leads to a reduction in ductility, in published by Professor Andrew? *>* and his co- 
1. many industrial applications this is of no great workers, under the egis of the Committee. These 
% significance, since when failure caused by Over- papers deal with the effect of hydrogen, deliberately 
stressing occurs, it usually commences at a free introduced into the specimen in the laboratory, 
e, surface where the hydrogen content is auto- on hair-line-crack formation and mechanical 
matically low. On the other hand, it is most properties. The amounts of hydrogen introduced 
or important to have a clear idea of the role, if any, were of the order of 8 c.c./100 g., corresponding 
of which hydrogen plays in promoting hair-line approximately to the solubility at 1100°C., and 
2 crack-formation, since in spite of the many most of the specimens, which covered a wide 
a researches relating to hair-line cracks, there is no range of alloy steels, were machined from bar to 
really satisfactory explanation of their formation. a diameter of 1-75 in. 
Thus, although many will agree that a prima In order to interpret this work in terms of 
facie case has been made out, showing that steels industrial practice it is desirable to compare the 
with high hydrogen content are prone to hair-line- concentration of hydrogen arising in normal 
crack formation, no quantitative evidence exists manufacture with that of the specimens examined 
to correlate one with the other. Meanwhile, the aiauas eens va 
steelmaker adop ts certain precautionary heat- + ne acc Fixth ‘and J ohn Brown, Ltd. 
treatment operations which experience shows are t English Steel Corporation, Ltd. 
adequate, but which a more enlightened knowledge § Brown-Firth Research Laboratories. 
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TaBLE I—25-ton Arc-Furnace Heats with Dry Lime* and Limestone 

















i mre. eB | [teers | noapemn,| GT 
| | 3% Nickel oe 0-00037, ” on 
la F - ; | V7o + 
| Sebee sane ; | | 3% Nickel 0-00050 (S) (R)| 5-6 
| Carbon 0-00033 3-6 | | 3% Nickel 0-00042 4-7 
| Carbon 0-00034 3-8 | | 3% Nickel 000042 4:7 
| Carbon 0-00041 | | 2a 0-00038 4-2 
Carbon 0-00036(S)t | 4-0 | | 37% Nickel ee. | 22 
| Carbon | 0-00035 | 3-9 | 34% Nickel 0-00068 (S) (H)| 7-6 
| ashen 0 -00035 (8) | 3.9 | 34% Nickel 0-00044 4-9 
| Carbon 000036 (S) | 4.0 34% Nickel-chromium 0-00035 3°9 
| Low-carbon 0-00039 (S) 4-4 3t ae pec a oe it 
| d¢'% Nickel—chromium )- 00036 . 
eee a | 34% Nickel-chromium 0-00036 4-0 
Average; 4:1 310, Ni ae Pree es 
| 33% Nickel-chromium 0-00046 5-2 
| 10 E 00 ’ | . | 34% Nickel-chromium 0-00060 6°7 
| i % i tdonien 0.00056 (S) (Rt 8.3 | 34% ovale years 7 nail dig 
pew : , Low-carbon-33%, nickel- 
| 1% Carbon-chromium 0-00042 (R) 4:7 Merssbn re 434 = 0- 00046 5+2 
1% Carbon-chromium 0-00034 (S) 3-8 | ow-carbon— 4% nickel- | , 
1% Carbon-chromium 0-00057 6-4 | chromium eon 0-00042 4°6 
| 1% Carbon-chromium 0-00046 5:1 | Low-carbon-33% _nickel- en _ 
1% Carbon-chromium | 0-00038 4-2 i 310/ nickel 0-00042 407 
1% Carbon-chromium 0-00054 6-0 oe On-33"/ nickel— : 
| 1% Carbon—chromium 0-00048 5°3 Pons enna Biret inlans 0-00043 4:8 
1% Carbon-chromium 0-00050 5:6 Low ease neta 33% nickel- — a 
| 1% Carbon—chromium 0-00057 6:4 chromium / k 0-00049 | oo 
ho Se | Low-carbon-33% nickel— | 
ee ; | chromium 000044 | 4-9 
avenge “- | 3% Nickel-chromium- 
44% Nickel-chromium 0-00032 3-6 Rng ease . 0-00043 | #6 
43% Nickel-chromium 0-00041 | 466° | | ere x bade ee Ou sie oc 
44% Nickel-chromium 0-00038 4:3 | 30 uk, che . 038 = 
| 44° Nickel-chromium 0-00045 | 5:0 | /0 ° bde —— oe 7 
44% Nickel-chromium 0-00039 | 4+4 30 N; ge — YOU46 ° 
Low-carbon-—4}% _nickel- : 7/0 + ei-chromium— ss ae 
| chromium | 0-00055 (R) 6-1 molybdenum 0-00033 (S) | 37 
| Low-carbon-44% _nickel— aay saan 
chromium sis 0-00040 4°5 Average | 4-8 





* Stored in heated furnace. 

+ (S) indicates that dried limestone was used in the 
refining stage. 

t (RB) indicates a double boil. 


by Professor Andrew. Similarly, the effects of 
size, not only on the rate of loss of hydrogen, but 
also such features as segregation, grain-size, and 
physical properties, have to be kept in mind. 

No attempt is made here to summarize the 
other many valuable papers* * ® dealing with 
hair-line-crack formation and hydrogen which 
have appeared from time to time. The biblio- 
graphy is extensive‘ and the subject is so complex 
that the interpretation of any particular set of 
experimental results depends very often on the 
particular theory of crack formation which the 
author favours. The aim in this paper is to record 
a number of observations on the hydrogen content 
of steels at different stages of manufacture, viz., 
liquid steel, ingots, billets, forgings, etc., and to 
consider these results in terms of the various 
theories put forward in the literature. 
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It is first necessary to emphasize certain experi- 
mental difficulties. Hydrogen diffuses from steel 
at room temperature, and in specimens having a 
diameter of 1 in. or less the amount lost per day 
may be noticeable. It is particularly important 
to prevent such specimens from becoming heated 
during machining. In extracting specimens by 
trepanning from the centre of large forgings or 
ingots, time is inevitably consumed in the 
machining operation, and one cannot guarantee 
that the piece which is ultimately to be used as a 
test-piece does not lose some hydrogen, the 
amount being somewhat variable, depending on 
the machining operation. Whilst the maximum 
precautions possible have been taken in the work 
under discussion, one must always bear this 
difficulty in mind and realize that the figures 
quoted for hydrogen may be too low. 


I—HyDROGEN IN Liquip STEEL 
(a) Methods of Hydrogen Determination 


In a recent paper Wells and Barraclough’ have 
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described certain experimental work carried out 
with a view to establishing a quick and reliable 
method of obtaining the hydrogen content of the 
steel as liquid from the furnace before tapping. 
The method used for the results recorded in this 
section was that described by them as the “ pencil 
test’ (see Fig. 1), the test-piece being stripped 
from the mould whilst hot, quenched in water, 
and stored in carbon dioxide snow until it could 
be introduced into the hydrogen-extraction 
apparatus. In the very great majority of cases 
the hydrogen extraction was completed within 
24 hr. of casting. 

Considerable experience has been accumulated 
in the use of this pencil test and it is our opinion 
that the results are reasonably reliable—any 
errors, of course, will be in the direction of giving 
values which are too low. The bulk of the deter- 
minations are considered to be within 0-5 c.c. of 
the correct values. 


(b) Hydrogen in Steel Manufactured in Arc 
Furnaces 


Table I lists a number of results obtained on 
steel from 25-ton are furnaces. Lime additions 
were made during the oxidizing stage and either 
lime or dried limestone was used in the refining 
stage ; heats in which dried limestone was used 
are marked (8) in the Table. In certain cases a 
reboil was employed (such casts are marked (R)) 
in order to meet very low phosphorus limits. The 
scrap used was of reasonable quality as regards 
freedom from rust, the ferro additions were dried, 
but the ore was not specially dried. Careful 
sampling was carried out on the lime throughout, 
and the moisture content varied throughout the 
period from 0-2 to 1-5%, with an average of 
about 0-5%. 

Taking the results as a whole, the average 





Fic. 1—Pencil test-piece 
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hydrogen content is below 5 c.c./100 g., but very 
few heats gave values below 4 c.c., and none as 
low as 3-5 c.c. If the casts are considered in 
batches, there is very little to choose ; possibly 
the carbon steels tend to be a little lower, but 
there is no indication that the more highly alloyed 
steels containing nickel are significantly different 
in their hydrogen content from the straight 
chromium steels. 

The single boil heats using dried limestone in 
the refining period average over the 7 heats about 
3-9 c.c., indicating that dried limestone gives 
somewhat lower values than lime. The double-boil 
heats, irrespective of whether lime or limestone 
is used in the refining period, average 6-0 c.c., 
which is significantly higher than the average for 
single-boil heats. These results are in agreement 
with the authors’ melting-shop experience, namely 
that heats given a double boil are more susceptible 
to hydrogen troubles, and heats made with dried 
limestone in refining are less susceptible than heats 
given a single boil and refined using lime. 

It is generally believed that the hydrogen 
content is reduced during the boil and increases 
during refining. It is curious, therefore, that the 
results on heats given a double boil do not show 
any diminution in hydrogen when compared with 
single-boil heats, but, in fact, the reverse. A 
number of experiments have been made to 
determine the variation in hydrogen content 
throughout the heat, but the behaviour changes 
from heat to heat. Whilst the final hydrogen 
content after refining is invariably higher than 
the value at the end of the boil, the value at the 
end of the boil may be greater or less than the 
hydrogen content as melted; eg., when the 
hydrogen at melt was very low, 2-4 c.c., it rose 
during the boil to 3-6 c.c. ; on another occasion 
with 5-1 c.c. at melt, it dropped to 3-7 ¢.c. The 
fact that reboiling is followed by an increase in 
hydrogen content suggests that lime containing 
only 0-5% of moisture if dried still further would 
give improved results. 

Attempts to produce steel with hydrogen 
contents below 4 c.c. in the electric furnace by 
using carefully dried ore in addition to specially 
dry lime have been unsuccessful. 

In all the above heats the lime after receipt 
from the kilns was kept in heated furnaces before 
use and the limestone was heated to 600°C. 
Data on other heats where no special storage 
arrangements were used showed greater varia- 
tion in hydrogen content, e.g., in six carbon- 
chromium heats the hydrogen content varied from 
4-8 to 8-6 ¢c.c., with a mean of 6-4 c.c., and the 
average for six nickel-chromium heats was 6-0 
with a maximum of 7-3 ¢.c. (see Table IT). Thus 
it may be concluded that if no special storage 
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precautions are taken with lime,* the average 
hydrogen content will be about 6-7 c.c., with some 
heats running up to 8 c.c. 

Table IT also gives hydrogen values for casts of 
the high-chromium martensitic steels and the 
austenitic steels. It will be seen that the values 





* If lime is left in the normal melting-shop atmosphere 
the surface layers rapidly absorb up to 10% of moisture. 


TABLE I]—Arc Heats 





| a 
Hydrogen, % | awe 





Type of Steel 





0-00052 | 5:8 
0-00054 6-0 


Low-carbon 
Low-carbon 


1% Carbon-—chromium 
1% Carbon-chromium 
1% Carbon-chromium 


| 1% Carbon—chromium 0-00048 5-4 
| 1% Carbon-chromium 0-00077 | 8-6 
| 1% Carbon-chromium 0-00072 | 8-0 


0-00043 4-8 
0-00054 6-¢ 
0-00049 5:4 


Average| 6-4 


3% Nickel | 0-00042 4-7 
3% Nickel-chromium | 0-00048 5:4 
| 3% Nickel-chromium-—molyb- | 
| denum | 0-00065 7:3 
| 3° Nickel-chromium-—molyb- 
denum 0-00044 4:9 | 


3° Nickel-chromium—molyb- | 


denum—vanadium 0-00054 6-0 
1-25% Chromium—vanadium | 0-00066 7°3 
Average | 59 
17% Chromium-—2% nickel 0-00070 | 7-8 
| 3-5% Silicon—-8% chromium 0:00087 | 9-6 
3-5% Silicon-8% chromium 0-00053 | 5-9 
Low-carbon-—13% chromium 0-00052 5-8 
Low-carbon—13% chromium 0-00077 8-6 | 
| —_—— —= 
| Average| 7-8 
| 12%, Nickel-5% manganese- 
3-5% chromium 0-00060 6°7 
, 18%, Chromium-8% __nickel- 
| 3% molybdenum 0-00072 8-1 
18% Chromium-8 % nickel 0-00063 7:1] 
18% Chromium-8 % nickel 0-00081 9-1] 
| 18% Chromium-8% _nickel— 
0-5% titanium | 0-00080 8-9 
| 18% Chromium-8% _nickel-— | 
| 0-5% titanium | 0-00068 7:6 
18% Chromium-8% nickel 
| 0:5% titanium 0-00081 | 9-1 


18% Chromium-8% _nickel- 
0-5% titanium 


0-00089 10-0 
| 18% Chromium-8% nickel— | | 


0-5% titanium 0-00092 | 10-4 
| 18% Chromium-8% _ nickel- | | 
| 0-5% titanium | 0-00070 7-8 
| 12% Chromium-12%, nickel 0- 00065 7:3 
| 12% Chromium-12% nickel | 0-00044 | 4-9 
| 12% Chromium-12% nickel | 0:00064 | 7-1 
| ees 
Average 8-0 











JOURNAL OF THE IRON AND STEEL INSTITUTE 


are a good deal higher than for the low-alloy 
ferritic steels, averaging about 8 c.c., with 
occasional values as high as 10 ¢.c. Apart from 
the relatively large quantities of ferro-alloys 
which may contain much hydrogen used in these 
steels, the scrap charged is much higher in hydro- 
gen than normal low-alloy ferritic steel scrap, 
owing to the very low rate of hydrogen loss from 
austenitic steels (values of 8 c.c. in 3-in. billets 
are not exceptional). Moreover, the facilities 
provided by the boil which permit the removal 
of hydrogen in ferritic steel are not available, and 
there is no doubt that the hydrogen content of 
this type of steel is from 2 to 4 c.c./100 g. higher 
than that of the ferritic steels. That this scrap 
factor is quite important may be deduced from 
the fact that casts of austenitic steel made in 
high-frequency furnaces, using high proportions 
of scrap and with much shorter melting times, 
have similar hydrogen contents to arc-furnace 
steel. 

(c) Steel Manufactured in Siemens Open-Hearth 

Furnaces 

Table III lists results obtained from a number 
of acid open-hearth heats taken at random. The 
normal precautions as regards drying of lime, 
scrap, etc., were adopted. 

The values are of the same order as those for 
electric steel, but a little lower, say 0-5 ¢.c., than 
those obtained on electric steel using dry lime, 
and probably about 2 c.c. lower on the average 
than a normal electric-furnace practice using lime. 
This difference is interesting in view of the general 

TaBLE III—Siemens Acid Open-Hearth Heats 


| , re 
: Type of Steel Hydrogen, % ret 


0-20% Carbon 0-00036* 4-0* 


0-20% Carbon 0-00045 | 5-0 
| 0-20% Carbon 0-00032 | 3-6 
| 0-40% Carbon 0-00029 | 3-2 
| 0-60% Carbon 0:00031 3-5 


| a 


Average} 3-9 


| 34% Nickel 
3% Chromium-—molybdenum 
24% Nickel-chromium-—molyb- 


0-00036* | 4-0* | 
0-00040 4:5 | 


| denum |; 0-00041 4-6 
| 24% Nickel-chromium—molyb- | 

| denum 0:000388 | 4-2 
24% Nickel-chromium-—molyb- 

denum | 0-00039 4-4 


2% Chromium-nickel—molyb- | 
denum-vanadium 0:00044 | 4-9 
Average; 4-4 

Average of | 
total | 4-2 





* Ingot specimen 


JUNE, 1947 





we) On a ee a 





al 


ip 








experience that acid open-hearth steel is less 
susceptible to hair-line cracks than basic electric 
steel. 


(d) Hydrogen Content of “ Wild” Casts 

During this investigation a number of “ wild ” 
heats have been examined, 7.e., heats which have 
risen in the moulds. These heats are listed in 
Table IV. The two 18/8 heats with titanium were 
made using large quantities of corroded turnings, 
the 12% chromium steel heats with wet ferro- 
chromium (a subsequent heat using the same 
ferro-chromium after drying was normal), and 
the last two heats were produced using an experi- 
mental aluminous refining slag. 

According to Sieverts® the solubility of hydrogen 
in solid pure iron at 1500° C. is ~ 12 ¢.c./100 g. 
Some of the values recorded in Table IV were 
obtained from samples cut from ingots made from 
the steel, since liquid determinations had not 
been made. These values are likely to be low 
because of (a) the hydrogen lost in solidification 
and (b) segregation of hydrogen in blowholes in 
the ingots. 

The hydrogen figures for these heats are 
particularly interesting when compared with those 
quoted in the literature!® for normal basic electric 
practice, viz., 6-9 c.c. In both ferritic and 
austenitic steels the safety margin is not large, so 
that abnormality in the lime or in the ferro-alloys 
may put the heat into the danger zone. Since 
large quantities of the martensitic and austenitic 
steels containing from 8 to 10 c.c. of hydrogen 
have been produced in the form of sound ingots, 
it appears that such materials must have an 
appreciably higher solid solubility for hydrogen 
at the freezing point than ferritic steels. The 
value of 4 c¢.c. corresponds to equilibrium with 
the gas phase having a hydrogen partial pressure 
of about 18 mm. of mercury. This takes no 
account of any effect ionization in the arc may 
have in increasing the concentration of atomic 
hydrogen over and above the equilibrium value 


TaBLE [V—Hydrogen Content of ‘« Wild’ Heats* 











| | 
Type of Steel Hydrogen, % | aie 

| | 
| 18% Chromium-8% nickel~ | 
| 0-5% titanium 0-00106 | 11-8 | 
| 18% Chromium-8% nickel- 
| 0-5% titanium 0-00091 | 10-2 | 
| Low-carbon-13% chromium 0-00148 | 16-6 | 
| Léw-carbon-13% chromium 0-00112+ 12-5+ | 
| 34% Nickel 0-00081} | 9-0F | 
| 3% Nickel 0-00087+ | 9-7+ | 
| Low-carbon-5% nickel 0-00089+ 10-0f | 





* All electric-arc-furnace steel 
+ Ingot specimen 
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Fic. 2—Hydrogen contents (c.c./100 g.) of 1}-in. dia. 
axial core pieces from an octagonal 35-ton carbon- 
steel annealed ingot 


at steelmaking temperatures. Similarly assuming 
a slag bulk of 4% of lime having 1°% of moisture, 
this is sufficient, if all is absorbed, to provide 
100 c.c. of hydrogen/100 g. It is perhaps not 
surprising, therefore, to find that reduction of 
hydrogen contents to below 4 c.c./100 g. has 
proved difficult. 


II—HypDrROGEN 1N INGoTs 
(a) Solid Ingots 

Very little experimental evidence is available 
as to whether hydrogen segregates in steel during 
solidification. This question is an important one, 
since if marked segregation occurs the hydrogen 
value obtained from the liquid steel may be of 
little value as a quantitative measure of the 
hydrogen at the centre of a large forging. 

Tests have been made, therefore, to determine 
(i) the hydrogen pick-up in the ladle, if any, and 
(ii) the hydrogen variation in ingots. 

The ladle experience, which indicates that a 
slight decrease of ~ 0-5 c.c. may occur, has 
already been reported.’? Naturally this only 
applies to well-prepared ladles—wet refractory 
would be expected to lead to an increase. 

It is not possible on economic grounds to use 
large ingots merely as a means of providing hydro- 
gen test-pieces, and consequently most of the 
correlation between hydrogen values for liquid 
steel and for ingots has been obtained using 
relatively small ingots, 5 cwt. in weight, the 
test-piece being machined from the centre of the 
ingot (see Fig. 4 of the Wells and Barraclough 
paper’). The results already reported show that 
the agreement is reasonably good, 7.e., + 0-5 c.e. 
Since water-quenching of the pencil test immed- 
iately after stripping has been introduced, there 
is a tendency for the ingot values to be somewhat 
lower than the furnace values, by about 0-5 c.c. 

The hydrogen values obtained on test-pieces 
cut from the core of a 35-ton carbon-steel ingot— 
acid open-hearth steel—are shown in Fig. 2. 
The hydrogen content of the liquid steel was 
5-0c.c./100 g. The amount of segregation is small ; 
similar examples indicating small segregation are 
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quoted in a subsequent section on forgings. The 
heat-treatment given to the ingots under dis- 
cussion is of a duration such that it is unlikely 
to affect the hydrogen content at the centre of 
the ingot to any noteworthy extent. 


(b) “‘ Wild ’’ Ingots 

Although “wild” ingots are not used in the 
production of sound steel, it is useful to study 
their behaviour in order to ascertain the likely 
behaviour of casts in which the hydrogen is very 
near the safe limit for soundness. The results 
were obtained on a 15-ton cast of a steel of the 
following analysis : 


C, % Si,% Mn, % 8 


»% P, % Ni, % 
0-28 0-27 0:54 0-015 0-009 3:14 


% (Or % 
0-19 
The ingots were 14 cwt. in weight, and were 
allowed to cool down to room temperature without 
any annealing treatment, when it was noted that 
the cast had risen. 

Ingot O was examined in the transverse direc- 
tion at a point near to the top of the chill, and 
in the longitudinal direction in the as-cast con- 
dition. The transverse sulphur print and macro- 
etching are shown in Figs. 3 (a) and 3 (b). Ingot £ 
was normalized from 900°C., and the sulphur 
print of the longitudinal section is given in 
Fig. 4 (a). 

The results of the various tests on the two ingots 
are summarized as follows : 


Hydrogen 
Ingot Condition content, 
c.c./100 g. 
O As cast 9-7 


E Heated to 900° C. in 12 hr., held for 


4 hr., and air-cooled 8:4 


The hydrogen test sample was in the form of a 
2-in. cube from a position 44 in. from the bottom 
of the chill. 

It will be noted from the sulphur prints that at 
least half the chill portion is quite solid, yet no 
cracks were found on magnetic etching in the 
normalized ingot, and only a few in the as-cast 
ingot. The result was checked several times since, 
as will appear in a subsequent section, no difficulty 
was experienced in producing large numbers of 
hair-line cracks in billets rolled from this cast. 
There is no doubt whatever that this cast was 
much less susceptible in ingot form than in billet 
form. 

It is not suggested that the hydrogen content 
was uniform throughout the ingot—only one 
sample was taken from each ingot and this from 
a position very near to the bottom which the 
macro-etch of the remaining longitudinal section 
indicated was sound and free from blowholes and 
cracks. Thus the figure obtained, 9 c.c., is repre- 
sentative of material which in ingot form was free 
from unsoundness. 

The longitudinal sulphur print is particularly 
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interesting. A number of sulphide streaks will 
be noted in the upper half, most of which start 
from blowholes. They give the impression that 
during the latter stages of solidification, when 
segregation of sulphur had occurred, the bubbles 
of hydrogen had risen along these streaks. The 
sulphur content (0-015%) and the shape of mould 
are such that in a normal ingot, free from wildness, 
no lines of segregate would be visible on the 
sulphur print, 7.e., the top end of the print would 
be just as clear as the bottom, as in Fig. 4 (b). 
Thus the movement of hydrogen has accentuated 
the segregation of the sulphur. Billets of 3-in. 
section produced, from ingots from this cast,. when 
given the normal pit-cooling treatment, contained 
no defects which could be revealed by supersonic 
test, magnetic etching, or macro-etching, at any 
position in the ingot, 7.e., all the cavities had 
welded up. Sections of billets from the top end 
of the ingot, however, showed marked spot 
segregates (see Fig. 5) which one would expect 
to have seen in Fig. 4 (a), and “ fractures ”’ which 
occasionally showed “lips” along the diagonal 
direction, presumably at the segregated regions 
located at the original blowholes. 

In ingots of this type, and in all cases where 
the solid solubility is exceeded, it appears that 
this accentuated form of segregation may occur. 
Similarly, when the ingot is rolled or forged into 
billet, and any cavities are welded up, the 
hydrogen content in the resulting material may 
increase as one moves from positions corresponding 
to the bottom of the ingot to positions at the top. 
(In a subsequent section hydrogen figures on a 
5-in. billet from this cast were obtained, which 
are 50% higher than the ingot figures). Thus, as 
regards segregation, our experimental work would 
suggest that in carbon steel when the hydrogen 
content is well below the solubility limit at 
freezing, segregation is slight, but in the direction 
one would expect, namely, higher at the top of 
the ingot. It is conceivable that in ingots having 
a hydrogen content near the solubility limit, 
where gas is not evolved before the top of the 
feeder head is frozen, some segregation of hydro- 
gen and abnormal sulphur segregation may occur, 
of the same type as, but to a much smaller degree 
than, that shown in Fig. 4 (a). 

The “ wildness ” of this particular cast (51015) 
was almost certainly due to the abnormal steel- 
making conditions used during its production. 
This is one of the experimental casts referred to 
in Section I (d). ‘“‘ Wild” ingots may, of course, 
occur because of inadequate drying of either ladles 
or feeder heads. In the latter case it is often 
possible to locate the reason, since only certain 
ingots in the cast are affected. A longitudinal 
sulphur print through a sound ingot, and through 
a ‘“ wild ” ingot are shown in Figs. 6 (a) and 6 (6). 
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TaBLE V—Core Tests on Carbon-Steel Forgings 








Shafting, bottom end 
Body junction, bottom end 
Body centre 

Body junction, top end 


Shafting, bottom end 
Body junction, bottom end 
Body centre 

Body junction, top end 


After heating test-piece for 1 hr. at 400° C. 
Body junction, bottom end 
Body centre 


| Shafting, bottom end 
Body junction, bottom end 
Body centre 
Body junction, top end 


ra F Maximum mention Reduction — 
pen yy ue hi ' ar - sis ~~ rest . 
(1) 333-in. Body-Diameter Shaft, from 60-ton Ingot 
19-2 | 36-68 25 37 1-3 
18-6 | 36-68 15-5 20-5 2-4 
19-2 39-2 24-5 27 1-9 
21-2 | 41-2 21-5 32 1-2 
(2) 294-in. Body-Diameter Shaft, from 60-ton Ingot 
17-6 35-0 29 43 0-5 
17-6 36-4 24 34-5 2-0 
16-8 36-2 21 30 2-0 
18-8 37-2 23 32 2-1 
17-6 35-5 24-5 39 0-7 
18-2 | 36-8 26 40 0-5 
(3) 303-in. Body-Diameter Shaft, from 36-ton Ingot 
17-0 | 31-7 31 43 1-3 
16-6 33-5 26-5 38 1-7 
15-6 32-0 26 34 1-6 
16-4 31-8 29-5 45 1-5 
17-4 34°8 28 42 0-7 


Shafting, top end 


Both ingots were from the same cast. The 
difference is undoubtedly due to damp feeder 
heads and produces a similar result to that shown 
in Fig. 4(a). An examination of the defective 
ingot suggests that an appreciable amount of the 
steel had solidified on the outside of the ingot in 
the chill before the effect of the moisture from 
the feeder head began to modify the normal 
segregation. Again a characteristic pattern of 
blowholes is associated with the segregation, as 
in Fig. 4(a). These particular ingots were of 
carbon steel. The macro-etching in Fig. 6 (c) 
shows the crack system developed near the centre 
of a forging of nickel-chromium—molybdenum 
steel cast in an ingot mould with a damp feeder 
head. The fracture shown in Fig. 6 (d) indicates 
that the cracks are definitely intercrystalline in 
character. The cracks were confined to the 
segregated zones and disappeared in that part of 
the forging towards the bottom end of the ingot 
where the segregate system was absent. It is our 
experience that hair-line cracks associated with 
segregates are very often intergranular in charac- 
ter. Such cracks, if welded up by forging, do not 
reappear on cooling. 


IJJ—HyproGEN IN SEMI-FINISHED PRODUCTS 
(a) Forgings 

Many forgings are supplied bored so that 

arrangements can be made to trepan cores from 

them ; hydrogen tests can readily be made on 

material taken from the centre of the forgings. 

It is the authors’ practice to bore after hardening 
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and tempering or normalizing and tempering, and 
before stress relieving, so that the latter treatment 
can be used to eliminate hydrogen from the 
vicinity of the bore and thus improve the ductility. 
The tests recorded in this section are taken after 
normalizing and tempering ; again every effort 
was made to minimize hydrogen losses before the 
insertion of the test-piece in the extraction 
apparatus. 

Table V gives the results of mechanical tests 
and hydrogen-content determinations on _test- 
pieces from forgings with a maximum body 
diameter of about 30 in., made from 60-ton and 
36-ton ingots, in plain carbon steel (0.40% carbon, 
acid open-hearth melted). The hydrogen test- 
piece was machined from the core adjacent to 
the head of the tensile test-piece. The values are 
in the neighbourhood of 2 c.c., lower values being 
recorded for the shaft ends, as would be expected 
in view of the smaller diameter. On two of the 
shafts the variation in hydrogen content over the 
body length is negligible. Heat-treatment of the 
core at 400°C. for 1 hr. reduced the hydrogen 
content to about 0-5 c.c. and led to a slight 
increase in ductility, which suggests that the 
presence of 2 c.c. of hydrogen in material of this 
tonnage has practically no effect on ductility. 

Table VI gives the mechanical properties and 
hydrogen values obtained on the core of a forging 
made from a steel of the following analysis : 

Si,% Mn,% 5,9 P,% Ni,% Cr, % 


c, % , % 
0-31 0:25 0-62 0-007 O-012 3-60 O-15 


The diameter of the forging corresponding to each 
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TaBLE VI—Core Tests on Nickel-Steel Forgings 










































my 





test-piece is indicated in the last column. In this 
case some segregation of hydrogen has occurred— 
the forging having a higher hydrogen content 
corresponding to the top end of the ingot—even 
when due allowance has been made for variations 
in section. The ductility has been seriously 


original ingots : 


Ingot size 
long 
Analysis : 


made per ingot and the tests in general indicate 
that since the forging from the top end usually 


TaBLE VII—Core Tests on 3% Chromium—Molybdenum Rotor Shafts 


H. and T. = Hardened and Tempered ; S.A. = Stress-relieved 








Proof Stress, 


Limit of tons/sq. in. 


Maximum 
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| Speci- | Yield Maximum Reduction Hydrogen 
men Condition Point | Stress, Elongation, % in Area, Content, 
vo. tons/sq. in. | tons/sq. in. % c.c./100 g. | 
iaihenrats ene = = — = Aa oy Aw a =e eee 
1 | Immediately subsequent to trepanning 30-4 44-4 /11 O.M.H. 2 5-7 
We | ss » * 30-4 42-0 7-50.M.H. 10 6-82 
i 3.7 - 7 30-0 32-0 | 4 O.M.H. 5 6-82 
1; ey s - ’ , 30:0 | 39-0 | 5 O.M.H. 11 6-71 
5 | is _ 29-2 | 38-0 | 6 O.M.H. 7 7-50 
6 ” ” .” ” 29-6 36°8 5 O.M.H. “f 5-26 
; | After annealing in vacuo at 400° C. 28-9 40°7 | 17-5 34 0-19 
| | 
| | 
8 | Immediately subsequent to trepanning | 30-4 35-0 3 B.O.P. 14 4-37 
9 ; * , | 31-6 46-0 7 12 4-26 
= ; ; 31-0 46-0 | 13 20 2-91 


] Oo 9¢ 6 
affected (cf. test 7 with the remainder). Carbon, % " 0-22-0-28 
The following results refer to core tests taken ess % lg 
‘ § , Ter Seats Molybdenum, % 0-50-0-55 
on forgings approximately 30 in. in dia. of 3% Hydrogen content, ¢.c./100 g. : 
chromium—molybdenum steel ; two forgings were Top of forging 
Bottom of forging 4-49 4 


Reduction 








Size of 
Forging, 
dia. in in. 


i2 
12-29} 
21} 
214 
21} 
213-19 
214-19 
(Intermediate 
between 
specimens 
| No. 6 and 8) 
19 
214-293 


contains more hydrogen than that from the 
bottom, some segregation had existed in the 


52-40 in., octagonal, 120 in. 


6:68 6-19 9-82 6-83 6-81 4-28 


*42 4-35 


Table VII lists core tests on a number of forgings 


Hydrogen 


| pisseme, | Heat-Treatment — oe aca Stress, Elongation, in Area, Content, 
Lee | tons/sq. in. 0-2% 05% cea oan ™ % | ¢-¢./100g. 
Acid Open-Hearth Steel 
chain ath eae a 32 45 7 15 : 
9g} | H. and T. 670-680" C. 37 | «45-2 M “i 
| + S.A. 630-640° C. ie dies 36 =| 45-2 20-5 56 0-3 
3] | H. and T. 675-680° C. 31-8 35 38 46-8 19 42 2°8 
| + S.A. 690-700° C. 18-8 28-2 29-9 | 41-0 27-5 67 0-4 
903 | H. and T. 670-680° C. 27-8 36-2 37-0 | 46-2 22 56 | 1-2 
emt | + 8.A. 650-660° C. | 25-8 32-9 33-9 43-8 28 ee ae 
| 93, | H-and T. 680-680° C. | 29-4 | 35-7 | 36-8 45-6 21 53 | 8-5 
| + S.A. 650-660° C. 25-4 | 33-1 | 35-0 43-8 26 Oe Wg 
| | | | 1 
; Basic Electric Steel 
28 H. and T. 670—680° C. | | | | 
j Re-H. and T. 610—620° C. | $4°-5 | 42-2 | 438-1 52-6 22 | 58 1-7 
H. and T. 670—680° C. | | 
31 H. and T. 630-640° C. | 32-3 | 39-6 | 40-4 | 50-4 12 30 4-5 
+ 610-620° C. on test-piece | 31-3 | 38-9 | 40-1 | 50-8 22 55 0-1 
31 H. and T. 650-660° C. | 30-2 |° 37-7 38-4 47-2 | 6 B.O.P. ia 4-5 
+ 610—620° C. on test-piece | 32-6 | 38 38-8 49-4 21 0O.M.H. 61 0-2 
28 H. and T. 640-650° C, | 31-8 | 37-6 | 38 | 47-6 19°5 42 3-5 
H. and T. 630-640° C. | 23-1 | 34:0 | 35-6 | 45-8 13 } 21 | 3-4 
28 (approx.) | 
+ 610-620° C, on test-piece 26-0 | 34-7 | 36-0 | 46- 26-5 71 =| «(0-2 
| 81 | H. and T. 650-660° C. 28-0 | 33-2 | 34-2 | 45-2 13 21 
| | 
, 1947 
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TABLE V IIl—Transverse Tests on 30-in. Billet in 3% Chromium-Molybdenum Acid Open- Hearth Steel 

















| parcnccriny ne Drea tian Maximum Elonga- Reduction 
Test Piece | | Stress, ‘tion, in Area, amie. se 
0-05% | 0-10% | 0-20% 0-5% | tons/sq. in. o, o, 6. ag 
| | | _ ; 

MMTT1 | 33-4 | 34-6 | 35-6 | 36-2 | 46-4 , 16 33. | 1-12 | } 

MMTT2 | 32-4 | 33-8 | 34-8 | 35-8 | 46-4 9 wy | 34m Ph ” 

MMTT3 | 33-7 | 34-8 | 35-7 | 36-4 | 47-0 12 23 | 1-68 | }After AH. and T. 

MMTT4 | 34:4 | 35-2 | 35-8 | 36-4 | 47-0 | 16 33 1-93 | | andS.A. at 650-660° C. 

MMTTS | 34-3 | 35-2 | 36-2 | 37-1 | 46-6 | 17-5 41 0-84 | 

| | 

MMTT1 | 33-2 | 34-5 | 35-5 | 36-2 | 46-8 | 21 on See 

MMTT?2 | 32-0 | 33-4 | 34-4 | 35-7 | 48-4 | 14 eo)... (ae ee 

MMTT3 | 34-4 | 35-2 | 36-1 | 36-8 | 47-6 | 22 a | Cw | FSA 8b 650-000" C., 

MMTT4 | 34-2 | 34-9 | 35-1 | 36-9 | 47-6 | 22 me | - 3. and 400’ C. treatment 

MMTT5 | 34-8 35-5 36-2 | 36-9 47-2 22 53 in test-piece form 

nnrTi | 98-1 | 28-8 | 29-4 | 29-9 | 41-2 | 20-5 38 0-67 | } 

NNTT2 | 28-9 | 29-5 | 30-2 | 30-8 | 42-6 7-5 29 1-12 

NNTT3 | 29-0 | 30-0 | 30-7 | 31-0 | 43-2 | 19-5 32 1-06 | \After A.H. and T. and 

NNTT4 | 29-4 | 30-0 | 30-5 | 31-3 | 43-0 | 21-5 | 42 | 0-90 | [S-A- at 690-700°C. 

NNTTS5 | 29-0 29-7 | 30-2 30-8 42-6 | 23-5 47 0-56 

NNTT1 | 27-8 | 28-5 | 29-0 | 29-6 | 41-4 | 22-5 53 0-22 - 
| NNTT2 | 28-5 | 29-2 | 29-9 | 30-4 | 42-6 | 23 50 0-22 ls AH. and T., 
| NNTTS | 29-1 | 29-7 | 30-3 | 30-7 | 42-8 | 24 53 | 0-22 a ee er 

NNTT4 | 29-2 | 29-9 | 30-2 | 30-8 | 42-8 | 26 | 58 | 0-17 | [and 400°C. treatment 
| NNTTS | 27-8 | 28-7 | 29-7 | 30-7 | 42-2 | 25 | 658 0-28 | | im test-piece form 
i 





| 





made from electric and acid open-hearth ingots, 
20-40 tons in weight, of chromium—molybdenum 
steel. The results are given for the core material 
after hardening and tempering, and then after 
stress-relieving. There can be no doubt that the 
reduction of hydrogen to 2 c.c. or less leads to a 
substantial improvement in ductility. It might 
be argued that some reduction in ductility would 


be anticipated in core tests owing to normal 
segregation effects. The major effect in this case, 
however, must be attributed to hydrogen, since 
when full-length cores were taken from similar 
forgings, stress-relieved, and tested in tension 
over their whole length, excellent values of 
elongation and reduction of area were obtained. 

Table VIII lists a number of transverse tests 


of 3% Chromium-—Molybdenum Ingots 





TaBLE [X—T'ests of 30-in. Forgings* 


Proof Stress, tons/sq. in. 


Maximum Elongation, Reduction 
°o 





Direction 
0-05% 0-10% 


Stress, A in Area, 
020% | 0-50% tons/sq. in. % 











Tests of Non-Segregated Areas (Test-Pieces Tempe red Again at 630° C. After C jutting) 
Longitudinal | 35:0 | 35-0 35-5 =| «36-0 47-6 23°3 57-1 
| i 34:1 | 34-8 35-1 | 35-7 48-3 24-3 60-6 
| Radial | 32-9 | 33:3 33-8 | 34-5 45-9 22-7 55-2 
| Tangential 34°8 35°1 35°5 36-4 47-7 Wy fe 40-8 
| Es | 34°3 | 35-1 35-4 36-0 47-6 21-0 49-9 
| | 
| F 
Tests of Segregated Areas (Specimens Tested Immediately After Cutting) 
Longitudinal | 33-1 33-9 34-2 35-1 49-3 16°5 32-3 
. | 33-2 33-7 34-2 34-9 47-4 | 19-0 46-3 
Radial | 33-2 33°6 33-9 34-7 48-2 12-2 22-4 
- | 33-6 | 33-9 | 34-2 35-2 47-7 12-5 20-1 
Tangential 33°1 33-6 34-0 35-0 47-9 11-0 19-5 
5 | 33°3 33-9 34:4 35-2 48-0 | 12-0 18-2 
Tests in Segregated Areas (Test-Pieces Tempered Again at 630° C. After , Cutting) 
Longitudinal 33-4 33°8 34°] 34°8 49- 21-4 57°8 
Radial ees 33-1 33°7 34-2 35-0 48-0 16-7 41-9 
Tangential ... | 383-0 | 33:2 33-6 34-6 46-9 19-8 44-2 
” 0. H. 920 C., T. 680° C. 
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on a 30-in., 3% chromium-molybdenum steel 
billet, produced from a 40-ton ingot of acid open- 
hearth steel. Five positions were taken, 7'1 as 
near to the bore as possible, 7'5 on the outside 
of the billet. The discs were wide enough for 
the 2 test-pieces to be cut side by side, with 
reference to distance from the centre. 

The billet was air-hardened and tempered, and 
stress-relieved at 650-660° C. to give a maximum 
strength of 47-48 tons. One disc was cut out 
well clear of a free end. The test results MM were 
obtained. The remainder of the billet was then 
stress-relieved at 690-700° C. to give 41-43 tons/ 
sq. in. tensile strength (test results NN). In both 
cases subsequent treatment at 400°C. on test- 
piece material brought about a noticeable improve- 
ment in ductility. The billet was bored after the 
first air-hardening and tempering. Consequently 
the maximum hydrogen content is not found at 
the position nearest to the centre (7'l position). 
The higher ductility values adjacent to the bore 
should be noted, as they are comparable with the 
outside values (7'5 position). 

Mechanical tests have also been carried out on 
test-pieces cut specifically to include the major 
segregations in the forgings. The results are 
recorded in Table IX. In both the non-segregated 
and segregated areas the longitudinal properties 
are superior to the radial and tangential. The 
elimination of hydrogen by the additional temper- 
ing at 630° C. has effected considerable improye- 
ment, of the same magnitude as that found in 
non-segregated material. 

General consideration of the effect of hydrogen 
on mechanical tests made in different directions 
gives the impression that a given amount of 
hydrogen leads to a greater diminution in ductility 
in the transverse and radial directions than in the 
longitudinal direction. This may be associated 
with segregation of hydrogen around the normal 
inclusions, giving rise to a stress-raising effect, the 
magnitude of which will vary with the direction 
of testing because of the shape of any inclusions. 
In both cases subsequent treatment at 400° C. on 
the machined test-pieces brings about an improve- 
ment in elongation. 

In considering these results, which show 
residual hydrogen contents up to 10 ¢.c. in core 
test-pieces, as trepanned, it should be stated that 
all cores and sections, as cut from the forgings, 
were free from hair-line cracks. The untreated 
test-pieces pulled immediately after trepanning 
gave an abnormal proportion of fish-eye fractures, 
although this type of failure is sometimes observed 
even when the hydrogen content is very low, if 
the appropriate inclusion system is present. 

Andrew® has deduced that the heat-treatment 
necessary to reduce a hydrogen content of 6 c.c. 
to, say, 1 c.c. in the case of large forgings is of 
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the order of 1000 hr. at 1100° C. for a 30-in. billet. 
This, of course, is prohibitively long. Our experi- 
mental results indicate that the fact that large 
forgings are produced free from hair-line cracks 
is not because the much shorter heat-treatments 
given commercially remove the hydrogen, but 
because they enable the hydrogen to be accom- 
modated in a manner which does not induce hair- 
line cracks. 
(b) Billets 

A number of hydrogen determinations have 
been made on billets varying from 2% to 5 in. in 
section after pit cooling—an operation which 
takes about 4-8 days, and in which cooling is fairly 
rapid down to 400° C., and then at a rate of about 
5° C./hr. down to 200° C. On all normal alloy-steel 
qualities it is found to give bars free from hair- 
line cracks in sections up to 6 in., irrespective 
of the method of melting. 

The results of hydrogen tests are erratic, 
presumably owing to the variable conditions and 
time in the pits. Values up to 5 c.c. are occasion- 
ally recorded on specimens cut from the centre 
of the larger billets ; typical results on 80 different 
alloy-steel casts are recorded below in Table X. 
All these billet samples were found by magnetic 
and supersonic testing to be free from hair-line 
cracks. 

Since it is unlikely that the liquid steel would 
have a hydrogen content less than 4 c.c./100 g., 
it is clear that in sections of the order of 5 in. or 


Pee } 
Hydrogen Content, c.c./100 g. | 
Number eee ee | 




















Size of 
| Billet, in. Tested 
Average Highest Value | Lowest Value | 
| 

5 | 19 2-26 4-6 0-6 

4 ) 1-92 5-7 | 0-4 

23 | 15 1-59 3°2 | 0-2 

i, | 


less the loss of hydrogen is relatively rapid and 
in normal works practice—rolling, annealing, 
hardening, and tempering—the residual hydrogen 
will ultimately reach a low figure, 1 c.c. or less. 
Thus it is only on products where the ruling 
section is large, say 10 in. and upwards, that the 
elimination of hydrogen raises serious problems. 


IV—HEat-TREATMENT EXPERIMENTS WITH 
BILLET MATERIAL 


(a) Experiments with Billets Produced from Cast 


No. 51015 


Although in Section III it has been shown that 
large amounts of hydrogen can be tolerated 
without being accompanied by hair-line cracks, 
it might be argued that in the case of both 
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forgings and billets very careful treatments are 
applied, and in particular, slow rates of cooling 
down to room temperature are adopted. 

It seemed worthwhile, therefore, to carry out 
some experiments with Cast No. 51015, which 
contained hydrogen well in excess of that normally 
present in steel, to find out the effect of various 
types of heat-treatment on susceptibility to hair- 
line-crack formation. It was anticipated that the 
hydrogen contents would be variable, owing to 
the “ blown ”’ character of the ingots, but since 
they were likely to be very high this variation 
could be tolerated. 

Method of Testing for Cracks in Billets from 3 to 

5 in. square 

The ingots (14 ewt. in weight) were rolled to 
billets using normal rolling practice. Examination 
of “‘ air-cooled ”’ sections was made on a hot-sawn 
piece, 6 in. long, sectioned through the centre after 
1-2 days. End effects of 1l-in. are shown at the 
right-hand side of Fig. 7. The remainder of the 
billet was hot-sawn into 12-in. test-lengths and 
given experimental heat-treatments immediately 
after rolling. When cold each test-length was 
sawn into two 6-in. long pieces and the cold-sawn 
face tested magnetically for cracks. If free from 
cracks one 6-in. length was left for a week and 
then sectioned in the centre (as at AB, in Fig. 8). 





Fic. 7—Longitudinal section of hot-sawn billet showing 
end effect 


TaBLE XI—4-in. Billets from Cast 51015 
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Fic. 8—Sectioning of billets for crack detection and 
hydrogen test-pieces 


The new face was examined magnetically. A 
hydrogen test-piece 3 in. by 1} in. was trepanned 
from the other 6-in. test-piece immediately (see 
Fig. 8). This was stored in carbon dioxide snow 
and machined down to }-in. dia. immediately 
before testing, the central inch being used. When 
cracks were not found by magnetic testing 
additional tests were made on all these billet 
test-pieces using the supersonic apparatus. 


Tests on Billets 


Ingot J was rolled down to 4 in. square and 
cut into 6 billets, J1 being from the bottom and 
J6 from the top. The treatments and results 
obtained are given in Table XI. 

When planning this experiment it was expected 
that J1 would contain many cracks, J2 would be 
free from cracks, and J3, J4, and J5 would 
indicate whether sound material could be cracked 
by subsequent treatment. Actually, although J1 
was badly cracked, all the remainder, with the 
exception of J6, contained a few large random 








| Hydrogen Brinell 
| Billet Treatment given to Billet Transverse Magnetic Content, Hardness 
| No. Test c.c./100 g. Number 
J1 Air-cooled from rolling Many fine cracks 7:8 217 
J2 Pit-cooled Occasional cracks 2-6 | 217 
J3 Pit-cooled, heated to 650° C., held for 3 hr., and air-cooled re ‘i 3-8 | 216 
J4 Pit-cooled, heated to 900° C. in 6 hr., held at 900° C. for | 
2 hr., and air-cooled Pe ‘a 2-1 224 
J5 Pit-cooled, heated to 650° C., held 3 hr., and water-quenched a oe 3-2 | 215 
J6 Taken hot from rolling to furnace at 600° C., levelled 4 hr., 
reheated to 650° C., held 4 hr., and air-cooled | Sound (both tests) 3°3 203 
| 











JUNE, 1947 


JOURNAL OF THE IRON AND STEEL INSTITUTE 




















166 SYKES, BURTON AND GEGG: 
TABLE XII—Tests on 5-in. Billets 
a _ ara rr 
Billet | Heat-Treatment ar Content, | Hardness 
No. | r | c.c./100 g. | Number | 
Ts es (ee es, B 
Bl Air-cooled Cracked 13-9 229 
B2 Pit-cooled Cracked 8-8 217 
B3 | Pit-cooled, reheated to 650°C., held 1 hr., and water- | 
| quenched Cracked 7: | 215 
B4 | Pit-cooled, reheated to 650° C., held 1 hr., and air-cooled | Cracked 9-6 o17 
Rl Hot from rolling to furnace at 650° C., held 4 hr., cooled to 
500° C. in 3 hr., and air-cooled | Cracked 12-0 | 207 
R2 As R1, but water-quenched from 500° C. Cracked 10-6 315 





cracks, and the inference is that they were present 
after pit-cooling ; in any event it may be stated 
quite definitely that the additional treatments had 
not introduced any significant increase in the 
number of cracks present. 

Some of the cracks in J2—J5 did not appear to 
be bona fide hair-line cracks, as they were connected 
with inclusions, and it appeared possible that 
they were located at the position of the original 
blowholes. In order to minimize this effect, 
further experiments were restricted to billet 
material from the bottom half of the ingot chill. 

As normal pit-cooling treatment could not be 
relied upon to eliminate hair-line cracks in this 
abnormal cast, further tests were made to investi- 
gate the treatment given to J6. At the same 
time, the billet size was increased to 5 in. in order 
to retain more hydrogen in the centre of the 
billets. 

Ingots B and R were rolled to 5-in. billets and 
the results presented in Table XII were obtained. 

The appearance of the sections was of consider- 
able interest, the pit-cooled samples B2 and B3 
contained a very few, rather long cracks located 
in the centre (see Fig. 9 (b)), whereas the air-cooled, 
B1, and heat-treated billets, Rl and R2, contained 
many small cracks, particularly R2 (see Figs. 9 (a), 
9 (c), and 9 (d)). Comparison of R2 and #1 shows 
the marked difference in the number of cracks 
produced by altering the rate of cooling from 
500° C. ; the difference in hardness is also appre- 
ciable. In contrast, B2 and B3 are very similar 
to one another, the inference being that the crack 
system in these two billets was fixed by the pit- 
cooling, and that of B3 has not been altered by 
the subsequent treatment (water-quenched from 
650° C.), in spite of the very high hydrogen 
content. 


The results on this series of billets, therefore, - 


indicated that pit-cooling was the safest of the 
treatments tried, and that rapid cooling below 
500°C. when the material was incompletely 
transformed produced the most cracks. 

These results tended to contradict those of the 
J6 billet of the previous set. If, however, the 
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hardness of J6 be compared with that of R2, it 
will be seen that the treatment afforded to J6 
did in fact lead to full softening, whereas R2 
was still in the hardened condition. It is clear, 
therefore, that J6 had transformed before heating 
to 650° C. and could, therefore, be fully softened 
before cooling. These results are in agreement 
with the behaviour expected from steel of this 
analysis, viz., the rate of transformation is very 
slow, at or about 650° C., but very rapid at 600° C. 
and below. It seems probable that if Rl and R2 
had been reheated to 650°C. after the 500°C. 
treatment, different results would have been 
obtained. It should be noted that Rl and J6 
have very similar hardness. 

Experiments were then carried out using ingot 
L, and repeated on ingots A and M, as shown in 
Table XIII. Each ingot was divided into 5 
sections, numbered 1-5, starting from the bottom. 

All the air-cooled and pit-cooled specimens 
cracked, as expected. Treatment 5, aiming at 
transformation at 450° C. followed by full soften- 
ing at 650°C. and slow cooling to 400°C. to 
eliminate thermal stresses, gave sound billets, 
although the hydrogen contents were very high. 
The interesting point, however, was that treat- 
ments 3 and 4, quenching and air-cooling from 
650° C., respectively, gave identical results. Thus 
when this steel is transformed and fully softened, 
it can be cooled from 650° C. at the most rapid 
rates without cracking, and yet its hydrogen 
contents are at least double those present in 
normal steel. The result obtained on ingot L was 
so striking that it was thought necessary to check 
it on ingots A and M, ingot A from the beginning 
of the cast and ingot M from near the end of the 
cast. In addition, the gas extracted from a 
number of the samples was collected and analysed 
for hydrogen—these tests showed that 95% of 
the gas extracted was hydrogen. 

Specimens A5 and M5, after cooling to 400° C., 
were reheated to 850° C., rendered fully austenitic, 
and then air-cooled. They were completely sound. 
Thus the softening treatment, accompanied by 
any beneficial effect introduced by the refining 
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TABLE XIII—Further Tests on 5-in. Billets 











Hydrogen Brinell 
| Billet Treatment Magnetic Test Content, Hardness 
| No. c.c./100 g. Number 
Il | Air-cooled Badly cracked* 8-3 | 230 
Al } re | - a isis 238 
M1 | a ss ss 9-1 | 236 
L2 Pit-cooled | Few crackst 5-4 228 
A2 | - - 5 15-4 224 
M2 | mA 224 
L3 | Held at 450° C. for 2 hr., reheated to 650° C. in 2 hr., held 
4 hr., W.Q. Sound (both tests) | 11-2 221 
A3 | 2 ‘ ‘ a 10-9 227 
M3 | a as 5 * - ‘A “a 5 9-5 220 
[4 | As for L3, but air-cooled from 650° C. ¥ * » | 12-1 | 218 
T= a. eee i aor ae 1 eee Oe 
2 eee aes ie Oe 7-2 | 218 
L5 | As for L3, but cooled from 650° C. to 400° C. in 5 hr., held 
4 hr., and air-cooled 7 es me 10-6 | 215 
A5 | As L5 to 400°C., then transferred to furnace at 850° C., 
levelled for ? hr., held $ hr., and air-cooled 2 + ” 9-3 226 
M5 ; ; : ; 9-2 225 


* See Fig. 10 (a) 
treatment, had rendered the material immune to 
crack formation when air-cooled from the austeni- 
tic condition. This result is in agreement with 
views which have often been expressed, namely, 
that once a material has been produced free from 
cracks, it is probable that it can be re-heat-treated 
without further danger, provided it is not hot- 
worked. If this view is correct it is difficult to 
understand how hydrogen content per se tan be 
the only controlling feature in hair-line crack 
formation, and it seemed desirable to investigate 
the matter further. 

A further ingot, G, was rolled to 5 in. square ; 
the hot-sawn test-billet was air-cooled and found 
to contain hair-line cracks. The remainder of the 
billet was levelled at 450° C., reheated to 650° C., 
and air-cooled from 650°C., as for L4. This 
billet was checked by supersonic testing and one 
section, G2, was examined magnetically. It was 
sound and the hydrogen content was 11 c.c./100 g. 
G3 was heated to 1000° C., held for 1 hr., and air- 
cooled ; G4 was heated to 1200° C., held for 1 hr., 
and air-cooled. Both were sound ; the hydrogen 
content of G3 was 10 c.c. and of G4 4-3 ¢.c. The 
latter figure is low, owing to hydrogen loss, but 
is of the same magnitude as that found in billets 
from normal ingots, air-cooled from rolling, which 
exhibit hair-line cracks (see also J2). 
Microstructure 

The structure of the billets has been examined, 
and a number are reproduced in Figs. 11 (a) and 
(6), 12 (a) and (b), 13 (a) and (b), 14 (a) and (b), 
15, and 16 (a) and (6). All the series J* were very 
similar, showing a somewhat banded structure 





* Unfortunately the J6 sample was misplaced before 
the metallographic work was started. 
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+ See Fig. 10 (b) 
with acicular ferrite and carbide patterns and 
small areas of martensite in the carbide bands. 

The billets R2 and Rl showed very marked 
separation of the ferrite, and these billets con- 
tained large numbers of hair-line cracks (see 
Figs. 13 and 14). In addition R2 contained a good 
deal of martensite. The structure of Z3, the 
sound specimen, is not markedly different from 
J1, J2,and B2. There is, if anything, less marten- 
site present than in the pit-cooled samples, and 
definitely less than in the air-cooled sample, 7.e., 
the billet was more completely transformed before 
approaching the temperature of martensite forma- 
tion. £1 is interesting, since the cooling of this 
billet was much slower than that of the air-cooled 
billet J1 and less than that of the pit-cooled 
billet B2, down to 400°C., yet it was badly 
cracked and it seems reasonable to conclude that 
structures showing massive banding of ferrite and 
carbide are more susceptible to hair-line-crack 
formation. It is to be noted that the hardness 
of #1 is similar to that of L3. 

The difference in behaviour of 21 and R2 cannot 
be attributed to the difference in hydrogen 
content, and must be connected with the marked 
difference in cooling rate employed. 

The structures of G4 and G5 were very similar ; 
that of G5 is shown in Fig. 17. The marked banded 
structure is absent, indicating that the extra 
refining treatment has modified the transforma- 
tion characteristics. Relatively little martensite 
is present in G5, and practically none in G4. The 
structure is noticeably finer than that recorded 
in the other photographs. 

The whole of these results are consistent with 
the view that, provided the billet is held long 
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(a) x 100 (b) x 600 650 
Fic. 14—Billet R2 6-1 





(a) x 100 (b) x 500 Ff air-c 
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Fig. 15—Typical crack in billet R2 x 50 Fic. 17—Billet G5 x 500 | thec 
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HYDROGEN IN STEEL MANUFACTURE 


enough at a temperature at which it can trans- 
form readily for the transformation to be sub- 
stantially complete, and it is then reheated to 
650° C. and fully softened, then, irrespective of 


‘the presence of large amounts of hydrogen, 


thereafter it may be cooled or heated at any 
practical rate without the appearance of hair-line 
cracks. 

Moreover it is clear that, at least in these 
experiments, the controlling feature which decided 
whether cracks were formed was the heat-treat- 
ment and not the hydrogen content. In many 
experiments on this problem which have been 
carried out in the past, variation of one of these 
factors has automatically involved a variation in 
the other ; this is inevitable if billets much smaller 
than 5 in. are used, since, for example, at 3-in. 
dia., the rate of loss of hydrogen is so rapid at 
650° C. that the concentration falls to a fifth in 
6-12 hr. In the present case, however, it has been 
possible to retain large hydrogen contents to the 
end of the various treatments. 


(b) Haperiments with 9-in. Square Billets 


A series of experiments conducted with 9-in. 
billets produced from an ingot of nickel—chro- 
mium-—molybdenum steel taken hot to the forge 
is shown in schematic form in Fig. 18. 

The billet (B3) cooled in ashes was cracked. 
The air-cooled billet, B1, examined after temper- 
ing at 650° C. in order to facilitate machining, was 
also cracked and in view of the results on B2, B4, 
and B5 it is reasonable to deduce that this billet 
cracked before tempering. A comparison of B2, 
B4, and B5 is of interest, since the treatments 
and the hydrogen contents were very similar. It 
is logical to conclude that B5 cracked before 
tempering and that the temperature attained on 
air-cooling from 850° C. was below 100° C. Other 
examples® have been recorded which indicate that 
hair-cracking occurs only at relatively low 
temperatures and may even require an incubation 
period at room temperature. Comparison of the 
treatment given to billet B5 of this cast and the 
overall behaviour of cast 51015 suggests that the 
nickel-chromium—molybdenum 9-in. billets were 
more susceptible to crack formation than the 5-in. 
billets of cast 51015, in spite of the lower hydrogen 
content—indicating that other factors such as 
mass and segregation have an important effect. 

It will be noted that billets 62 and B4 when 
reheated to forging temperature after the “‘ immu- 
nizing treatment ’’ and then air-cooled were free 
from cracks. 


General 

Although the tests outlined on cast 51015 have 
led to the foregoing definite conclusions, such is 
the complexity of the hair-line crack problem that 
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it would be stupid to dogmatize and make any 
general claims for the heat-treatment found to 
be successful. In larger masses of complex alloy 
steel such a simple treatment cannot be relied 
upon even with lower hydrogen contents. 

The experiments are put forward not to con- 
found the hydrogen theory, but firstly to support 
the evidence given for forgings, viz., that relatively 
high hydrogen contents do not automatically 
mean hair-line cracks ; and secondly to indicate 
that the use of “wild” casts in hair-line-crack 
investigations is likely to provide data on 
industrial problems which are difficult to obtain 
from academic researches, since the latter are 
generally restricted to sections less than 4-in. dia., 
and there is, therefore, the greatest difficulty in 
retaining hydrogen. 


V—DirFrusion oF HyDROGEN 

The consideration of the effects of hydrogen in 
industrial practice is rendered difficult by lack of 
knowledge regarding the rate of diffusion. Thus, 
whilst it is clear that heat-treatments reduce the 
hydrogen content to very small values in the 
case of bars of small diameter, and that no 
appreciable effect is produced at the centre of 
very large forgings, very little in the nature of a 
quantitative treatment has hitherto been possible. 


(a) Calculation of Diffusivity 

On the basis of certain assumptions, existing 
data on permeability and solubility can be used 
to give values for the diffusivity of hydrogen, and 
these values can then be applied in the standard 
equations for heat conduction. 

Consider a plate x cm. thick, at a temperature 
of 7° K. : Let the pressure (in mm.) of hydrogen 
on one side be P, and on the other side zero ; 
let the solubility of hydrogen (in. c.c. per c.c. of 
steel) at the pressure P and temperature 7' be S ; 
let the permeability, 7.e., the volume at N.T.P. of 
gas crossing the plate per sq. cm. per sec. be Z ; 
let the diffusivity at the temperature 7' be D; 
and let the concentration of hydrogen at pressure 
P bec. Then 


A 
| 


Pressure = © Beil Pressure =P 
Concentration= 0 - | Concentration = c 
ieee 
Wr cr castasatc Scans watdbadaasabaaeebenaaneates (1 
Dae B ~ ) 
dx 


Assume that the concentration on the high- 
pressure side is equal to the equilibrium solubility, 
S, and that the concentration at the other side is 
zero. Thus 


S COPE EERE Ee 2 
a °) 
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INGOT STRIPPED AND CHARGED WITHOUT DELAY INTO FORGE FURNACE, ANDO 
HEATED IN USUAL MANNER TO FORGING TEMPERATURE. 
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ANALYSIS 3 
Cc Sard 
Si 0.24% 
Mn 0.65% 
Ss 0.013% 
P oo18% INGOT COGGED TO 9” SQUARE BLOOM. T’aNo 'B' END DISCARDS CUT OFF HOT. 
Ni 2.62% BLOOMS CUT OFF HOT AS SHOWN. 
Cr 0.56 % 8 t 
Mo 0.60% OTTOM OP 
9” BI B2 Ee | B4 BS 
20” |. 20" Ler | aor || con _| 
= +S 2 SH | ee er 
BI Be B3 B4 B5 
AIR-COOLED | CHARGEDHOTINTO | Coo.eD | As For B2 BuT | As FoR B2 BuT 
FROM FINISHED | ANNEALING FURNACE] UNDER | AIR-COOLED TO | AIR-COOLED 
FORGING VERY SLOWLY COOLED | ASHES | BELOW 100°C COMPLETELY 
TEMPERATURE. | (17°C /HR.FROM475%)} FROM | (HANDWARM) AND ALLOWED TO 
AFTER 5 DAYS | To 300°C - ALLOWED | FINISHED | BEFORE RECHARSING! REMAIN 48 HR.. 
IN AIR GIVEN TO BECOME UNIFORM [FORGING | FOR TEMPERING. | BEFORE RECHARGING 
660°C AIR-COOL| (5 HR ) REHEATED To | TEMP FOR TEMPERING. 
850°C, 30°C /HR 
ANO SOAKED 5 HR 
AIR-COOLED To 275% 
THEN RECHARGED & 
TEMPERED 650°C 
(SHR )AIRCOOLED. 
BoTTOm Top 
SLICE CUT FOR EXAMINATION 
SAMPLE FROM AXIAL ——__tercs — co | d 0 c2 ' C2 Reema 
OETERMINATION 
Bi 82 B3 B4 | BS 
EXAMINATION NUMEROUS HAIR- LINE NO HAIR = LINE HAIR -LINE CRACKS No HAIR - UNE SMALL IGOLATED HAIR - LINE 
CRACKS CRACK IN AXIAL ZONE CRACKS CRACKS IN AXIAL ZONE 
| | 
HYDROGEN DETERMINATION H- 4-87 Soo aw H= 2-24 “hoo ou H= 6:12%Aco am. = H = 2:29 “oo em 1 2-41%/100 am. 
: | 
REHEATED TO FORGING | 
! TEMPERATURE AND 1 
AIR-COOLED - ALLOWED 
TO REMAIN 48 HR 
| BEFORE EXAMINING | 
NO HAIR-LUNE No HAIR - LINE 
CRACKS CRACKS 


Fic. 18—Experiments with 9-in. billets from an electric- 
furnace-steel ingot 


JOURNAL OF THE IRON 


AND STEEL INSTITUTE 


JUNE 1947 








. 


by 
and 
foll 


Smit 
of D 
at N 
of J 
our ¢ 

Ne 
chan 
follo 


D S 
Com! 


for li 


Th 
gethe 
comp 

Th 
Rans 
bility 
quote 
chron 
some’ 


It 


JUNE 








Top 


E 1947 
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Now S as a function of 7 has been measured 
by Sieverts’® for pure iron, and shown by Fowler 
and Smithells" to be given by an equation of the 
following type : 


8 

S = aP* e~ 7 where « and 8 are constants...... (3) 

Treatment of Sievert’s experimental results gives : 
a = 0-215 and 8 = 3650 

Similarly, a number of investigators have 
measured the amount of hydrogen permeating 
through a thin tube, and agree that the following 
equation holds : 

B 
Z = KP*e ~ T where P is the pressure in mm. 
Gnd Kh And B GLO CONStANUB......5..0cecesseessees (4) 

Smithells and Ransley! give the following 
values for the constants : 

K = 1-63 x 10% and B = 4800 
(Boreleus and Lindblom give for pure iron: K = 1-60 
x 10% : and B = 4700) 

Z in our notation is equivalent to the D in 
Smithells and Ransley’s paper and their values 
of D(Z) are defined as the volume of gas in c.c. 
at N.T.P. diffusing through 1 sq. cm. of surface 
of 1 mm. thickness per sec. Consequently 2 in 
our equation (2) is 1 mm. = 0-1 cm. 

Now D the diffusivity may be assumed to 


change with temperature, according to the 
following formula : 
b 
I 9 eh eS el ea ensue ineeaty (5) 
Combining equations (2), (3), and (5) we have 
a 
T , p2 z’ 
OO. Mss. gill ee errs (6) 
x 


and if this is compared with (4) 


K= #* and eS ci Gn | ga ree eee (7) 

— B= —b — 8, that is, b = 1150... ee. (8) 

Thus D, the diffusivity, which can now be used 

in the usual differential equations for the con- 
duction of heat, e.g., 


8c d2c 
gC CS? 


for linear flow, is given by 
en ee ck (9) 

The values for D are given in Table XIV, to- 
gether with values of the permeability, Z, for 
comparison. 

The values of D are based on Smithells and 
Ransley’s permeability results and Sievert’s solu- 
bility results. The values of N given are those 
quoted by Bennek and Klotzbach$ for a nickel- 
chromium-tungsten steel. These values are 
somewhat lower than those given by equation (4). 

It will be seen that the change in diffusivity 
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TaBLt XIV—Comparison of Diffusivity and Per- 
meability for Iron in the « State 











Temperature, ° C. yeeros Pa ew 
| 
| 
Room temperature (20) | hai el | oe 
100 3-5 x 10-5 | 0-00026 
200 6-7 x 10-5 | 0-0045 
300 | 1-00 x 10-4 0-029 
400 it 1938 x 10-* 0-11 
500 |. Be36>< 16--" 0-26 
600 2-04 x 10-4 0-59 
700 2-34 x 10-4 1-00 
800 2°69 x 10-4 | 








* N is the number of c.c. of gas at N.T.P. diffusing 
through 1 sq. cm. of a plate 1 mm. thick in 1 hr. at a 
pressure of 1 atm. 


with temperature is relatively slow. Actually the 
change in permeability, 7.e., in Z, with tempera- 
ture is quite large in the range 300-600° C., of 
the order of 20 to 1 ; the diffusivity on the other 
hand only changes in the ratio 2: 1, so that the 
major contribution in improving the permeability 
comes from the increase in solubility. 

The experimental results used in these calcula- 
tions of diffusivity refer to reasonably pure iron, 
the surface of which was carefully cleaned. 
Bennek and Klotzbach® have carried out similar 
experiments on steels of 8 compositions, viz., 
4 carbon steels—soft iron, 0-13% carbon, 0-47% 
carbon, and 0-99% carbon—and 4 alloy steels— 
0.72% chromium and 3-62% nickel; 1-52% 
chromium, 4-11% nickel, and 1-03°% tungsten ; 
1-06% carbon and 1-53% chromium ; and 2-68% 
chromium and 0.24% molybdenum. Taking their 
experimental curves, which give the volume of 
gas, N, in c.c., diffusing through a plate 1 sq. cm. 
in area, 1 mm. thick, as a function of temperature, 
we find that over the range N = 2 to N = 0-1 
(750° to 400°C.), for a plate 1 mm. thick, the 
average value of B in equation (4) for the whole 
series of steels is 5000, with a variation of + 6%. 

Similarly, the average value of K corresponding 
to the results recorded at 650° C. is 2-17, and at 
360° C. is 1-82. These figures are in satisfactory 
agreement with those of Smithells and Ransley, 
if the experimental difficulties are borne in mind. 
The German workers have also determined the 
solubility at 950°C. in c.c./100 g. for 6 of the 
steels and obtained a value of 5-55 + 0-3 or 
— 0-6; Sieverts gives 5-3 for iron at 950° C. so 
that the agreement here is satisfactory. Thus it 
appears that insofar as the assumptions which 
were made in arriving at the values of D are 
correct, these values should be just as reliable for 
alloy steels as for pure iron. 

Estimates have been made in a similar manner 
for diffusivity in austenite, using Sieverts’ value 
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TaBLE XV—Diffusivity and Permeability in Iron 
in the y State 


Diffusivity,* D, 





| 
Temperature, °C. | Permeability, Z, 





8q. cm./sec. (volume/hr.) 
1200 | 2-5 x 10-4 6-5 (calculated) 
1100 i) 228 > 0-* 3-9 (calculated) | 
1000 i 33 Ss O=* 2-4 
900 8-7'x 40-* 1-2 
800 6-0 x 10-5 0-55 








* There is not so much permeability data available 
for the y condition as for the « condition, so the diffusivity 
figures may not be so reliable. 


for solubility and the Bennek and Klotzbach 
figures for permeability in the austenitic state. 


The results as given by 
6000 


DP its x12 2 
are tabulated in Table XV. 
If these results are compared with those for the 
« condition it will be seen that only when the 
temperature reaches about 1150°C. does the 
diffusivity in the y condition reach that in the 
« condition at 650° C. 


(b) Results Using Values of D 


Andrew and his collaborators have determined 
the rate of hydrogen evolution from cylinders at 
1100° C., 850° C., and 630°C. over a period of 
5 hr. in the austenitic condition. Considering 
first the tests on the 5 steels at 1100°C. (see 
Table XIT) ; the logarithm of the hydrogen content 
has been plotted as a function of time in Fig. 19 
and a smooth curve drawn through the points for 
the 5 steels. The average slope over the period 
from $ hr. to 4 hr. is 0-22. Over this period, 
therefore, the average time required to halve the 
hydrogen concentration is 1-35 hr. 

If we assume that at the surface of the specimen 
the partial pressure of hydrogen in the atmosphere 
is zero and that the concentration just inside the 
surface is zero, as was assumed in equation (3), 
and if + = a where D is the diffusivity in y iron, 
t is time in sec., and b is the radius in cm., then 
it can be shown, for a cylinder whose length is 
equal to its diameter (1? in.), that in order to 
halve the total amount of hydrogen present,* 
I-93 x 10-* x ¢ x 3600 
= 0-085 = — G? xs and 

t = 0-65 hr., 
should give the time necessary to halve the 





* This is the equivalent case to h = wo in heat con- 
duction. Andrew actually used a cylinder 1} in. in 
diameter and 2 in. long. The error introduced by the 
approximation was expected to be small. The authors are 
indebted to Mr. T. F. Russell who has worked out the 
case for the actual cylinder and finds t = 0-644 hr. 
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hydrogen content. Thus it appears that in the 
initial stages the rate of evolution is equal to 
that expected ; subsequently it falls off. 

At 850°C., for the chromium—molybdenum 
steel (y state), D=6 x 10-°. The slope gives 
the half-value period equal to about 2-3 hr. and 
the calculation gives about 1-9 hr. 

For the manganese-molybdenum curve at 
625°C. the slope corresponds to a_half-value 
period of 34 hr. ; for the « state, the calculated 
time is about 0-5 hr., and for the y state about 
6-5 hr. (Andrew considers that during this test 
the specimen was austenitic throughout.) 

Andrew finds that the loss of hydrogen can be 
represented by an equation of the following type : 

_ K(1 + ae~™) 
a 


and mn are constants ......... (10) 


where K, a, 
The authors’ equation would be : 

BS pO and awese edna et tae deweeeecn eens eees vsedaneesss (11) 
where y, is the original concentration and x is 
a number which characterizes the shape and size 
of the specimen. 

Andrew found that an equation of the type (11) 
could not be fitted to his results, as the rate of 
loss of hydrogen diminished more rapidly than 
the experimental formula would allow. Equation 
(10) was used, which gets over this difficulty but 
introduces another, namely, the physical signifi- 
cance of the constant K. 

It should be explained that equation (11) will 
only apply when “ steady ” conditions* have been 
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Fic. 19—Decrease in hydrogen concentration with time 
(Andrew) 





* That is, after such a time that only one term in the 
usual summation of terms in the heat-flow equation 
needs to be taken into account. 
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set up. At the commencement of Andrew’s 
experiments, 7.e., after soaking in hydrogen, there 
is a uniform concentration across the specimen ; 
the rate of loss expressed as a fraction of the total 
hydrogen present is rapid when evolution starts 
and gradually diminishes to a steady value once 
the concentration at the centre begins to diminish. 
It is for this reason we have used Andrew’s 
evolution curves starting at the }-hr. period, since 
by this time the average hydrogen content has 
dropped to 40% of the original value after soaking 
and over the period }—4 hr. t will be practically 
constant and equal to 0-085. Thus the evolution 
in Andrew’s experiments would not follow a 
simple exponential curve even if the diffusivity 
were constant, and the form of equation (10) is 
in part due to the fact that the concentration 
gradient is being established during the early part 
of the curve. From $4 hr. onwards the relation 
between log c and time should be linear if the 
diffusivity were strictly constant. As Andrew has 
pointed out the curve is not linear and to fit it 
the concept of residual hydrogen was introduced. 
If we neglect this difference between the two 
equations then D and n should be directly pro- 
portional. 


D n Ratio 
y-iron at 1100°C. 1-9 x 10-4 1-2 1-5 x 10-* 
y-iron at 850°C. 7-3 x 10-5 0-75 1-0 x 10-‘ 
y-iron at 625°C. 1-9 10°" O-4 -0+6 x 10-* 
a-iron at 650°C. 2-2x 10 4 1-2 1-8 x 10-4 


In the y state the ratio appears to vary syste- 
matically with temperature. It is, however, of 
interest to note that Andrew indicates that at 
640° C. the value of m in the « state is 1-2, 7.e., 
equal to his value in y iron at 1100° C., which is 
also in line with the diffusivity figures. 

The absolute value of n should be : 


~ 0-7 


D : ) 
- X 3-600: £.6:, ~ 
b? 


n—0-7 3600 


==0-5 x 10-* 

Thus it will be clear that the use of the diffusi- 
vity values gives results generally in line with 
Andrew's experimental results. They differ in 
the sense that the hydrogen is lost at low hydrogen 
concentrations somewhat more slowly than the 
diffusivity figures predict. 

A series of diffusion experiments have been 
carried out on a 5-in. square billet rolled from an 
ingot of Cast 51015 in the “ as rolled ”’ condition. 
The bottom end only was used and, after the 
450°—650° C. air-cooling treatment to avoid hair- 
line cracks, the billet was placed in a furnace at 
650° C., and a sample 6 in. long was cut from each 
end every 12 hr. The hydrogen was determined 
on the centre line of the billet, 4 in. in from the 
free end. The results are plotted in Fig. 20, 
curve (qa). 
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Fic. 20—The loss of hydrogen from a 5-in. billet 


For the variation in concentration on the axis, 
allowing for the fact that the billet is square and 
of finite length, we have, on the straight part of 
the curve : 


2-19 x 10-4 x 3600¢ 
t= 0°136 =- 2 Ra 
& x 1-27" 


and t = 6-9 hr. 
The half-value period from the curve is 9 hr. 
Results in similar agreement could be quoted for 
small cylinders at 400° C. 

An additional experiment was carried out on 
the billet material at 900° C., i.e., in the y con- 
dition and the results are given in Fig. 21 (6). It 
is clear from Figs. 21 (a) and 21 (b) that the rate 
of loss of hydrogen in y iron at 900° C. is less than 
half that recorded for « iron at 650° C., although 
if Tables XIV and XV are compared it is seen 
that the permeability at 900° C. exceeds that at 
650°C. The measured half-value period from 
Fig. 20 (b) is 23 hr. ; the calculated value, using 
the diffusivity figure given in Table XV, is 17 hr. 


(c) Discussion of Diffusivity Results 


The assumption made in arriving at values for 
the diffusivity constant from permeability and 
solubility measurements is that at a free surface 
where the hydrogen pressure is P the concentra- 
tion, c, just inside the surface of the metal is 
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Fic. 21—Diffusion of hydrogen through iron (Boreleus 
and Lindblom) 


equal to the solubility given by the equation 


S = aPte-F 

and is, therefore, equal to the total concentration 
the specimen would attain if left for infinite time 
under these conditions. This is equivalent to 
assuming that the rate of diffusion away from 
the surface into the metal is small compared with 
the rate at which hydrogen atoms can pass into 
the surface. 

As was indicated in the previous section, for a 
number of examples the rate of loss of hydrogen 
is fairly consistent with the diffusivity constants 
calculated on the above assumption. Conse- 
quently it may be concluded that thé original 
assumption is reasonably valid for the tempera- 
ture range 1100-650° C. 

Attention has already been drawn in this paper 
to the very slow rate of increase of diffusivity 
constant with temperature in the « state and the 
fact that in the y state lower values of diffusivity 
are obtained up to 1150° C. than for the « state 
at 650° C. These results have important practical 
implications, viz., that hydrogen evolution at 
1200° C. in the forging operation is relatively slow, 
even when the effects of ‘“ pick-up”’ owing to 
hydrogen in the forging atmosphere are neglected. 
Since diffusivity constants include an exponential 


term of the type e-F it is usual to expect a 
substantial increase with increasing temperature, 
e.g., b in the case of one metal diffusing through 
another is of the magnitude of 15,000, giving an 
increase in D by a factor of 10° over the tempera- 
ture range 600-1200° C. With an increase of this 
order, starting with the observed rate of evolution 
at 650°C., the evolution of hydrogen during 
forging would be such that the remaining hydrogen 
content after forging would be negligible. Similar 
arguments have been based on the rapid increase 
of permeability of hydrogen with temperature. 
Various suggestions have been put forward to 
deal with this apparent anomaly, such as back 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


SYKES, BURTON AND GEGG: 





diffusion from furnace gases and the “ blocking ” 
effect of the scale present. Whilst these effects 
may exist it appears that the main factor is 
simply that the change in diffusivity from 400° C. 
to 1200° C. is very small—particularly so in the 
y state owing to the very low heat of diffusion 
of the hydrogen atom. 

(d) Anomalous Variation of Diffusivity Constant 

Using Fick’s diffusion equation and a constant 
value of D corresponding to a definite temperature, 
T’, the loss of hydrogen should follow an exponen- 
tial law after an initial period. Andrew found that 
in the y condition at 1100°C. this was not so 
(the slope of Fig. 19 is continuously decreasing), 
and he put forward the suggestion that there 
might be a residual hydrogen content equal to 
K/(1 + a) in equation (10) of the order of 0-4 c.c., 
100 g. The objection to this hypothesis is that 
although steel when treated at 1100° C. is sup- 
posed to have a residual content of 0-4 c.c./100 g., 
there is no difficulty in determining it by extrac- 
tion at 650° C. 
the heat-treatment time at 1100°C. had been 
extended beyond 5 hr. then a different residual 
hydrogen would have been found. 

With hydrogen contents of the order of 0-4 c.c. 
100 g. it is to be noted that the corresponding 
equilibrium pressure is quite low—3 mm. at 
950° C.—and even with 2 ¢.c. of hydrogen the 
pressure is only 120 mm. The question therefore 
arises whether it is certain that the hydrogen 
partial pressure surrounding the specimen in 
Andrew’s experiments was negligible compared 
with, say, 3mm. Any film on the surface might 
lead to an enriched hydrogen atmosphere near 
the surface which would slow up diffusion and 
change the evolution from one characterized by 
equation (11) to that of equation (10). 

Another possible explanation may be deduced 
from the experience of workers who have carried 
out permeability measurements. Typical results 
from Boreleus and Lindblom of permeability 
against pressure for pure iron are given in Fig. 21. 
It will be seen that, whilst the relation between 
permeability and 4/P is linear at 571° F. at high 
pressures, there is a substantial curvature below 
225mm. At higher temperatures the effect exists, 
but begins at lower pressures. Boreleus and 
Lindblom! produced the straight part of the 
curves to the pressure axis and referred to a 
‘ threshold pressure ”’ necessary to start diffusion. 
This concept has no reality, since it is clear from 
the figure that diffusion measurements were 
actually made below the threshold value. 

Smithells and Ransley, who experienced the 
same type of difficulty in interpreting their 
experimental results, have given the question 
consideration. They are of the opinion that the 
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bend in the permeability curve at low pressures 
is due to variable adsorption on the surface of 
the specimen and that at low pressures and 
particularly at low temperatures, only a portion 
of the surface is activated and will permit passage 
of hydrogen atoms through it. The proportion, 
6, of the surface activated varies according to the 
Langmuir isotherm : 
aP 


pies a 
1+ aP 
At high pressures this fraction is unity. 

They carried out a number of experiments on 
iron having different surface treatments and 
showed that at 400° C. and a pressure of 0-77 mm. 
the permeability of a polished surface could be 
increased by a factor of 10 by etching. An oxi- 
dized surface was less readily activated than a 
polished one. 

It is conceivable that a similar type of pheno- 
menon is present during the evolution of hydrogen 
from steel. At high temperatures and at con- 
centrations corresponding to high solubility pres- 
sures the surface becomes completely activated 
and the full loss corresponding to that deduced 
from solubility and permeability data is achieved. 
As the concentration drops the full loss is not 
observed, either because of external pressure of 
hydrogen near the surface or because of lack of 
complete activation of the surface. Such a 
hypothesis is, in the authors’ opinion, a more 
likely explanation of the shape of the hydrogen- 
evolution curves* than one involving either a 
residual hydrogen content or a threshold pressure. 
Alternatively one can assume that part of the 
hydrogen is in some form of weak combination 
with the iron and thus not entirely free to diffuse. 


(e) Evolution of Hydrogen at Room Temperature 


It is of interest to consider the rate of evolution 
of hydrogen at room temperature on the basis of 
diffusivity values extrapolated from the tempera- 
ture range 1100-400° C. 

The shape of the evolution curves (not repro- 
duced) is again that given by equation (10) and 
not by equation (11). In the initial stages of 
evolution the experiments on machined }-in. 
dia., 4-in. long pieces indicate that the period 
necessary for the hydrogen to drop to the half- 
value is not less than 20 hr., and when the 
concentration drops below 2 ¢.c./100 g. it is very 
much longer. According to the diffusivity values 
D = 1-5 x 10-5 at room temperature and con- 
sequently the theoretical time is 0-6 hr. 

Similarly certain core tests on specimens of 
1-in. dia., made immediately after trepanning 
and then after 34 days standing, had a half-value 
period of 25 days instead of the theoretical value 
of about 8 hr. 


~* After the 4-hr. period. 
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These results are so widely different from the 
experimental values that it is useful to speculate 
on the reason. Very few experiments on permea- 
bility have been made at temperatures below 
300° C. owing to the very slow rates of diffusion 
and the experimental difficulties involved in 
measuring the correspondingly small quantities 
of hydrogen. However, Ham and Rast** have 
worked on iron in the temperature range 100- 
300°C. They have recorded some surprising 
anomalies in this region, e.g., the diffusion rate 
may drop discontinuously from that observed at 
higher temperatures, by a factor of a 100 within 
20° C. In no experiment recorded do they succeed 
in observing the normal permeability below 
100° C.; for different samples it fell away dis- 
continuously at temperatures ranging between 
315° and 117°C. Considerable hysteresis is 
associated with these effects. They also find at 
these low temperatures that the permeability no 
longer varies as P+ but the pressure exponent 
increases to unity. They do not agree that these 
anomalies can be explained on the basis of 
adsorption as mentioned by Smithells and Ransley, 
and attribute them to a change occurring in the 
iron sample, the A, transition, which may be 
due to a change in valence of iron atoms in the 
specimen. 

Whatever the cause it is clear that very large 
anomalies in permeability are likely to be en- 
countered in iron below, say, 350°C. These 
anomalies may be reproduced in the apparent 
diffusivity. In this connection it is useful to 
recall the fact, well-known to persons interested 
in the estimation of hydrogen, that the quantity 
of gas evolved under paraffin or mercury is no 
reliable guide to the total gas content of the 
specimen. 

If there is a discontinuity in the diffusion 
constant in the temperature range 300-100° C., it 
appears that it could be confirmed by hydrogen 
measurements on large forgings. At the high 
temperature during heat-treatment a concentra- 
tion gradient will be established—the surface 
concentration being much lower than that at the 
centre. If the loss at room temperature is 
governed not by the diffusivity, but by the rate 
at which hydrogen can escape through the surface, 
then the concentration gradient will decrease and 
the concentration in the outer regions of the 
forging increase. The increase in concentration 
at the surface at room temperature should be of 
sufficient magnitude to be detected. 

(f) General 

It appears that the values of diffusivity deter- 

mined using permeability and solubility data 


enable the rate of loss of hydrogen to be predicted 
to a fair approximation at temperatures down to 
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400° C. and relatively high concentrations, say, 
down to 1 c.c./100 g. This is the important 
practical range. The diffusivity in « iron at 
650° C. is such that in order to reduce the hydrogen 
content from a uniform distribution of 8 c.c. to 
1 c.c. at the centre of a bar of circular cross- 
section the following times would be required : 


Diameter, in, Time to Reach 1 ¢.c., hr. 
5 25 
10 100 
25 625 


50 2500 


The half-value time is one-quarter of the 
times listed. 

These figures are in satisfactory agreement with 
Andrew’s predictions for 1100°C. He gives 
420 hr. for a 25-in. billet and works on the 
average content. 

The above figures indicate that in normal alloy- 
steel practice using pit-cooling or annealing, 
hydrogen should be reduced to low values with 
bars up to 3in. Beyond 3 in. hydrogen elimination 
requires substantial periods, and above 20-in. dia. 
the elimination of hydrogen by heat-treatment is 
likely to prove impracticable on economic grounds 
and methods must be adopted which (a) minimize 
the hydrogen content of the liquid steel and 
(6) prevent crack formation, by suitable heat- 
treatment. 

The diffusivity values are also of interest in 
connection with the hypothesis that hydrogen 
segregates during the y—« transformation into 
the remaining austenite because of the increased 
solubility of hydrogen in austenite. In this way 
it is thought that very high local concentrations 
might be produced in the traces of austenite 
which were last to transform, which would explain 
the formation of hair-line cracks. No one has yet 
succeeded in producing hair-line cracks in austeni- 
tic steels so that it is unlikely that the hydrogen 
concentration will set up cracks in the austenite. 
Suppose the original austenite grains were 1 mm. 
across, then according to the above results any 
difference in concentration built up across the 
grain will be reduced to a negligible amount in a 
period of the order of 10 sec. Thus unless the 
crack occurs within this period after the final 
breakdown of the austenite the gradient will have 
vanished. There are many cases on record where 
cracking occurs long after the breakdown of the 
austenite has been completed, and consequently 
this hypothesis cannot be regarded as being of 
major importance in crack formation. 

Apart from this criticism the following com- 
parison is of interest : The equilibrium solubility 
in « iron is given by 

3650 
S= 0-215 Pte T 
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and in y iron by 
3650 
S = 0-294 Phe T 
so that at any given temperature the solubility 
in austenite is only about 30% greater than it is 
in ferrite. 

The erratic results obtained in permeability 
measurements at temperatures below 350° C. 
suggest that the evolution of hydrogen at low 
temperatures in industrial practice will also be 
erratic. More experimental work on machined and 
as-rolled material is required in this range of 
temperature in order to clarify the position. Work 
on forgings of large diameter should assist in 
resolving the academic problem as to whether 
variation in activation of the surface or in the 
degree of combination of the hydrogen with the 
iron is responsible for the anomaly in diffusion at 
room temperature. 


VI—GENERAL DIscuUSSION 


The experimental work described in Section II] 
confirms the many experiments carried out on 
steel which has been artificially impregnated with 
hydrogen, and indicates that the ductility is 
reduced with hydrogen contents in excess of 
2 c.c./100 g. The reduction in area is more 
seriously affected than the elongation, and 
consequently steel high in hydrogen content is 
likely to be more prone to failure under the systems 
of triaxial stress which are set up during cooling. 

The measurements of the hydrogen content of 
liquid steel (Section I) indicate that even when 
steel is melted under carefully controlled con- 
ditions, hydrogen contents ranging from 4 to 
6 c.c. 100 g. are to be expected, which will 
exert an adverse effect on ductility if not removed. 

The evidence on segregation (Sections II and 
IIT) is not conclusive. Although the carbon-steel 
ingots and forgings show no noteworthy segre- 
gation, the results on some alloy-steel forgings 
and on some ingots from cast 51015 show wide 
variations in hydrogen content. The solubility 
of hydrogen in liquid steel is about 26 c.c./100 g. 
and in steel just below the solidus 12 c¢.c./100 g. 
Consequently one would expect the solid, as 
deposited, to tend to have roughly half the 
hydrogen content of the liquid steel. Thus if 
equilibrium were attained between solid and 
liquid and if diffusion were rapid in the liquid 
phase, the hydrogen content of the liquid would 
continuously increase. In large ingots which 
solidify very slowly this effect might be quite 
important and merits investigation. 

The work of Andrew* and of Houdremont and 
Schrader® brings out very clearly that the reduc- 
tion in ductility associated with high hydrogen 
contents is sufficient to give rise to major cracking 
when steel is quenched in water from temperatures 
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well above the change point, i.e., 1100°C. These 
crack systems are characterized by a high degree 
of symmetry and are undoubtedly produced by 
the macro-stress system, introduced during the 
very rapid cooling of the embrittled steel. Houdre- 
mont and Schrader in particular have produced 
some very beautiful patterns in 60-mm. bar by 
this method in an air-hardening steel containing 
0-32% of carbon, 0-54% of manganese, 5-4% of 
nickel, and 1-38% of chromium. 

Now it is a fact that no steelmaker or consumer 
has ever been seriously troubled by cracks of this 
type and for the following reasons: (1) In bars 
of small diameter (~ 60 mm.) the method of 
production is such that the hydrogen is eliminated 
before hardening occurs; (2) in large forgings, 
water-quenching from 1100°C. would produce 
sufficient cracks in a steel free from hydrogen to 
render the process entirely impracticable. 

The interest in these experiments® lies in the 
fact that they demonstrate that transformation 
stresses, quenching stresses, and hydrogen are 
additive in producing cracking. Thus 4% silicon 
iron cracked when soaked in hydrogen at 1100° C. 
and water-quenched, whereas the material was 
sound when air-cooled. Here thermal stresses were 
sufficient to crack the embrittled material. 
Similarly Houdremont and Schrader have shown, 
by cooling test-pieces whilst under applied stress, 
that the direction of the cracks can be altered at 
will. 

There can be no doubt, therefore, that hydrogen- 
rich material will be more prone to crack during 
heating and cooling than hydrogen-free material. 
This conclusion in itself, however, hardly covers 
the major question of interest to steelmakers, viz., 
how does the characteristic hair-line pattern as 
tvpified in Figs. 9 and 10 arise in slowly cooled 
material ? Many of the patterns produced by 
quenching are of a different type ; indeed many 
of the cracks must have occurred at fairly high 
temperatures, whereas hair-line cracks usually 
occur below 200° C. Moreover, as we have indi- 
cated in Section IV, neither the hydrogen content 
nor the rate of cooling can be the only controlling 
factor ; the pattern may occur in slowly cooled 
material, it may occur with a hydrogen content 
of 2-5 ¢.c., or it may be absent with a hydrogen 
content of 10 c.c. 

It has been stated that the crack system is set 
up by very high hydrogen pressures which are 
developed internally owing to the degree of super- 
saturation of the hydrogen. Thus in a steel 
containing 6 c.c./100 g. of hydrogen at room 
temperature the equilibrium pressure is 1-1 x 10° 
tons/sq. in. in the « condition and 6 x 10° tons/ 
sq. in. in the y condition. In the case of « iron 
it is considered that this pressure in some way 
initiates the very fine cracks, but it is only fair 
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to comment that since no hair-line cracks have 
ever been observed in austenitic steels with much 
higher concentrations, it is curious that a similar 
pressure should be ineffective. 

Houdremont and Schrader carried out a very 
interesting experiment in which an alloy-steel bar 
about 1} in. in dia. was treated in hydrogen at 
1000-atm. pressure at 550° C. for 8 hr. Under 
these conditions the hydrogen concentration 
would be about 28 c¢.c./100 g.—a phenomenal 
concentration. Both the air-cooled and water- 
quenched specimens contained cracks. The hard- 
ness was unaffected by the treatment. The water- 
quenched specimen contained many more cracks 
than the air-cooled specimen, indicating (a) that 
the cracks were not produced at 550°C. and 
(6) that the stresses—necessarily very small in 
view of the size of the specimen—were of sufficient 
magnitude and sufficiently different to influence 
the pattern. These cracks appeared to be very 
similar in layout to hair-line cracks. 

Houdremont and Schrader conclude from this 
and other experiments that the macro-stress 
system is the important factor in determining 
the position of flakes, that hydrogen alone can 
initiate cracks, and that segregations, inclusions, 
etc., can be only of minor importance. 

Whilst this explanation seems adequate to cover 
the production of major cracks of the type pro- 
duced by quenching, we are of the opinion that 
it needs amplification to cover the typical hair- 
line pattern of very fine cracks which occurs when 
the macro-stresses introduced by cooling are quite 
small. Thus in the specimen treated at 550° C. 
and 1000-atm. pressure just referred to, the plane 
af the cracks was at right angles to the transverse 
direction in the bar, yet the maximum stress 
would be longitudinal. It is highly probable that 
the difference in ductility between the transverse 
and longitudinal directions would more than 
compensate for the difference in the very small 
stresses set up during cooling in these directions. 

Macro-stresses due to cooling may be very 
small (< 4 tons/sq. in. when the typical hair-line 
pattern is produced) and the cracks aré usually 
along the surfaces across which the ductility is 
lowest. Thus the crack pattern results from the 
combined effects of transformations, micro-segre- 
gation in steel, and the degree of anisotropy 
present. As indicated in Section IV, the heavily 
banded structures are very prone to hair-line 
crack formation ; such structures will give rise 
to large local or tessellated stresses which, if not 
eliminated by softening, will produce extremely 
fine cracks. Any metallurgical operation which 
reduces micro-segregation and permits break- 
down of the austenite without excessive separation 
of the ferrite should help, therefore, in eliminating 
hair-line cracks. 
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Hair-line cracks usually set in at temperatures 
below 200° C. and sometimes an incubation period 
is required at room temperature before they 
appear. In many steels there is a marked diminu- 
tion in Izod value in this range of temperature 
and it seems probable that this drop will be 
accompanied by deterioration in the ability of 
the material to withstand triaxial stresses. 

Thus in the authors’ view, whilst macro-stresses 
bring out in a very clear manner the embrittling 
effect of hydrogen, the appearance of hair-line 
cracks in material which has been slowly cooled 
and is, therefore, free from major stresses of this 
type, is attributable to the combined effects of 
hydrogen, local stresses, and poor ductility in 
some preferred direction. With small sections 
hydrogen can be eliminated and the remaining 
factors are insufficient to cause trouble in practice. 

Even when large quantities of hydrogen are 
present (see Section IV), a suitable heat-treatment 
which minimizes transformation stresses and 
gives reasonably homogeneous structures prevents 
crack formation even during rapid cooling. How- 
ever, the problem becomes progressively more 
difficult as the sections become larger, since the 
centre material is more highly segregated and is 
less readily refined, and in such cases the most 
careful attention has to be paid to all the following 
factors : (a) Hydrogen content of the liquid steel ; 
(b) segregation in the ingot ; (c) refining of the 
structure by heat-treatment ; (d) adequate re- 
moval of transformation stresses ; (e) slow cooling 
to eliminate thermal stresses. Whilst some of 
these factors can be handled quantitatively the 
remainder cannot, and consequently no quantita- 
tive treatment of the hair-line crack problem is 
possible. No doubt as further hydrogen and 
diffusivity measurements accumulate the un- 
certainties will diminish and the relative import- 
ance of the different factors emerge more clearly. 

The reason why hydrogen is associated with 
cracking in ferritic, but not in austenitic and 
high-chromium martensitic steels is a mystery. 
It might be argued in the case of austenitic steels 
that they are very ductile and do not transform 
on cooling, but such arguments do not apply in 
the case of the high-chromium martensitic steels 
which, in addition, usually have hydrogen con- 
centrations abnormally high compared with 
ferritic steels. The explanation of this anomaly 
might well throw useful light on the general hair- 
line crack problem. 

The estimates made relating to the diffusivity 
of hydrogen seem very promising and certainly 
enable the time scale of hydrogen evolution to 
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be worked out to a first degree of approximation. 
They should be of value in planning further 
experimental work on hair-line crack problems. 
Using billets of diameter 5 in. or more, it should 
be possible to obtain reliable quantitative informa- 
tion on the rate of loss of hydrogen at room 
temperature. This information will be of consider- 
able practical value in assessing the period during 
which hydrogen is likely to exert any significant 
effect on the physical properties of large masses 
of steel. 
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The Sealing Behaviour of High-Strength Heat- 
Resisting Steels in Air and Combustion Gases 


By W. Stauffert and H. Kleiber, Dipl.Ing. 


SYNOPSIS 

In the gas turbine, as in any heat engine, the effective work is brought about by the 
combustion of fuel. The hot structural components are thus exposed not only to the 
mechanical stresses due to pressure, loads, and rotation, but also to the chemical attack 
of the combustion products. The investigation of the chemical resistance of the steels 
must be carried out in co-operation with the designer of the gas turbine, so as to co-ordinate 
the various requirements. 

A new apparatus for carrying out scaling tests in gas mixtures, and the experimental 
technique are described. This apparatus was used for studying the effect of synthetic 
combustion gases with low, medium, and high sulphur contents on martensitic, ferritic, 
and austenitic high-strength heat-resistant steels. The results obtained, together with 
those of scaling tests carried out on the same steels in air, are presented in the form of curves. 





INTRODUCTION Escher Wyss at the suggestion of Professor 
Metallurgical Problems of the Closed-Cycle Gas Ackeret and Dr. Keller. In this gas turbine the 
Turbine air passes through the air heater, a tube system 


HEN constructing gas turbines the metallurgist 
is faced with the problem that steels possess- 
ing as great as possible a high-temperature 

resistance to (1) mechanical stresses (due to 
pressure, centrifugal force, or loads) and (2) chemi- 
cal attack (corrosion) are required. In the follow- 
ing some data are given regarding the resistance 
of well-known heat-resistant steels to chemical 
attack by air and by sulphur-bearing combustion 
gases. The investigations were carried out on the 
Escher-Wyss gas turbine at Zurich, and its design, 
deviating from ordinary turbine design, must 
therefore be briefly described. However, only 
specific metallurgical problems will be dealt with, 
without other comparison of the two gas-turbine 
systems. 
(1) Comparison of the Two Gas-Turbine Systems 
Figure 1(a) represents the ordinary gas turbine 
with the open or atmospheric cycle. The com- 
pressed air is heated in a combustion chamber by 
the internal combustion of fuel. Thus combustion 
products are taken up by the hot air and after 
use it has to be let off into the atmosphere. 
Figure 1(b), on the other hand, shows the high- 
pressure closed-cycle turbine built by Messrs. 





* Received 17th March, 1947 
ft Escher-Wyss Maschinenfabriken A.G., Ziirich 


JUNE, 1947 181 


similar to that common in boiler construction 
(Fig. 5). In this way the working air remains clean 
and can be circulated continuously, the air circuit 
being no longer connected to the atmosphere. 
The range of pressure is higher than in ordinary 


Open cycle 
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Fic. 1—Diagrammatic representation of (a) open- 
cycle gas turbine and (b) closed-cycle gas turbine 
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Fic. 2—Model of an Escher-Wyss 12, 500-kW. gas 
turbine with maximum pressure of 50 kg./sq. em. 
(absolute). (Left: heat exchanger; centre : 
machines ; right: air heater) 


~ 


turbines, say, between 5 and 50 kg./sq. cm., so 
that the volume of working air, and consequently 
of the apparatus and machines, can be kept much 
smaller than with the atmospheric cycle of Fig. 
l(a). A further advantage is that on combustion 
of coal neither the turbine nor the heat exchanger 
is endangered, for the combustion products do 
not come in contact with them (Fig. 2). 


(2) Mechanical Stresses Acting on Heat-Resistant 
Steels 

It is obvious that the temperature of the 
working air must be lower than that of the air- 
heater tubes, for otherwise no heat exchange 
would take place. Figure 3 shows that at the 
hottest surfaces the temperature of the working 
air is about 50-60°C. lower than that of the 
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Fria. 3—Graphical representation of temperature var- 
iations in double-heated air heater of closed-cycle 
gas turbine 
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tubes. It would be a mistake, however, to con- 
clude from this that a closed-cycle gas turbine 
would necessarily have to work with a lower 
temperature of the entering air, 7.e., with a lower 
efficiency, than the open-cycle gas turbine without 
an air heater ; for the life of the steels is governed 
not only by the temperatures but also by the 
accompanying mechanical stresses. Calculations 
show that in both types of gas turbine, 7.e., with or 
without an air heater, the maximum working 
temperature is determined by the turbine. High 
stresses in the turbine, amounting to 5-12 kg./ 
sq. mm., cannot be avoided, for the circumferential 
speed has to be high in order to avoid the turbines 
becoming too bulky and too expensive. The design 
of the blade profiles is governed by aerodynamic 
considerations and cannot be adapted at liberty 
to the strength requirements. With regard to the 
tubes of the air heater the conditions are simpler, 
the wall thickness having no effect on the working 
of the apparatus. The stresses due to the internal 
pressure can be held between 1 and 2 kg./sq. mm. 
by making large enough the wall-thickness/tube- 
diameter ratio. Notwithstanding this, in order 
to keep the weight as well as the price of the 
comparatively thick-walled tubes below a certain 
limit, smaller tube diameters are used than is usual 
in boiler construction. This is quite permissible 
as, in contrast to the boiler, with clean air no 
lime deposits need be taken into account. Figure 3 
further shows that highest-quality steels are 
required for only a small part of the tubes where 
maximum temperatures are reached ; whilst in 
the middle part cheaper qualities may be used, 
and in the “ cold’ part even ordinary boiler steels. 

Figure 4 shows the utilization of the strength 
of a chromium-nickel steel used in the turbine 
and air heater. The full-line curve indicates the 
rupture strength of this steel for a certain 
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Fic. 4—Ranges of applicability of chromium-nickel 
steel in turbines and air heaters of closed-cycle 
gas turbines. (Stresses occurring during maximum 
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period, 7.e., for the life required in the gas-turbine 
plant, and the broken curve indicates to the 
designer the permissible stress. For the sake 
of safety it is drawn at a constant percentage 
distance from the true rupture strength. The 
shaded areas represent the ranges of application 
of this steel in a turbine and air heater. Both 
ranges adjoin the broken curve, the permissible 
limit being neither exceeded nor the steels 
incompletely utilized. 


(3) The Chemical Attack on Heat-Resisting Steels 

As is well known, gas turbines are very sensitive 
with regard to the efficiency of the turbine blades. 
If several years’ working at continuously high 
efficiency is desired, it is thus essential that the 
carefully developed section of the blades is 
preserved and that their surfaces remain smooth. 
This important condition is difficult to fulfil on 
aceount of the chemical attack of the working 
gases. With the high working temperature 
necessary the surface of the heat-resistant steels 
deteriorates in the course of time, which affects 


Fie. 5—Air heater of experimental 2000-kW. closed- 
cycle gas turbine during construction. 
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Fig. 6—Experimental 2000-kW. Escher-Wyss gas 
turbine. View of hearth of air heater from above. 
In background: Flame (with partial load) ; 
around flame : Cylindrical walls of heater 


the mechanical strength and in particular the 
profile and smooth surface of the blades. In order 
to prevent chemical attack it is the duty of the 
engineer, on the one hand, to design the turbine 
in such a way that undesirable chemical sub- 
stances are kept apart from the sensitive turbine 
blades, and the duty of the metallurgist, on the 
other, to develop steels resistant to attack, either 
by selecting suitable chemical compositions or by 
providing surface protection. 

With regard to the work of the engineer, this 
resulted in the development of the closed-cycle 
turbine. In this design the turbines are driven 
by means of clean air or even a neutral gas, and 
corrosive combustion gases or oxides dissolving 
ash do not come in contact with the turbine steels. 
In the air heater, on the other hand, the steels 
are exposed to the chemical attack by the com- 
bustion products (Fig. 6). However, compared 
with the turbine, damage to the surface of the 
tubes affects the working of this apparatus but 
slightly, the only requirement being that sufficient 
sound steel to take up the pressure is left until 
the apparatus is taken out of commission. Thus 
with the closed cycle a superior heat engine does 
not require the “ universal” steel not yet dis- 
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covered which possesses at the same time high 
mechanical strength and resistance to chemical 
attack. This means that the requirements to be 
made of the steels are separated in a convenient 
way: The turbine requires a steel of as high 
mechanical strength as possible, and this is 
exposed only to clean air, whereas in the air 
heater the steel is exposed to lower mechanical 
stresses but it must be chemically resistant to the 
fuel used and to its combustion products. 

The work of the metallurgist undertaken to 
develop steels resistant to chemical attack of this 
kind is described in the following main part of 
this paper. 


StupyY OF THE SCALING BEHAVIOUR OF HIGH- 
STRENGTH HEAT-RESISTANT STEELS IN AIR 
AND COMBUSTION GASES WITH VARIOUS 
SuLPHUR CONTENTS 

A number of investigations have been carried 
out and published, regarding the effect of air as 
well as of combustion gases, etc., on steel, and 
various methods of studying the scaling resistance 
of steels have been developed. However, the 
published results are not very numerous and do 
not give a clear picture of the scaling behaviour 
of steel. 

The authors thus thought it desirable to carry 
out some tests themselves in order to be able to 
compare the results with previous ones and to 








SCALING BEHAVIOUR OF 








HIGH-STRENGTH 


increase their knowledge on the scaling behaviour 
as far as possible. For this purpose scaling tests 
were carried out on various steels in air and in 
three different combustion gases, which will be 
described in the following. 


(1) Apparatus 
For carrying out the tests in combustion gases 
a special apparatus was built in which synthetic 
combustion gases of the desired compositions were 
used. The design of the apparatus is indicated 
by Figs. 7 to 10. It consists of the following 
components : 

A steel cylinder (1), in which the combustion 
gas used for the experiments is stored at a 
pressure of 40-80 atm. It is fitted with a 
reducing valve for connecting with the gas 
inlet. 

A pressure regulator (2), which, in accordance 
with the pressure prevailing in the furnace and 
in the tube system, regulates the gas stream at 
15 atm. excess pressure and keeps it constant. 

A water container (3), by means of which 
the required water vapour can be added to the 
combustion gas. 

A tube furnace (4) for heating the test- 
specimens, the outer tube consisting of a 
ceramic material wound with resistance wire 
and the inner tube of a very heat-resistant 
austenitic steel. 





Fic. 7—Apparatus for scaling tests 
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A switch-board (5) with temperature regu- 
lator, governed by a platinum/platinum-rho- 
dium thermocouple placed in the furnace. 

A gas duct (6) with several three-way cocks 
which allow the collection of gas for analysis 
after leaving the furnace. Random samples 
were taken from time to time for gas analyses 
as well as for water-vapour determinations, 
constant values being always obtained. 

A gasometer of 50 litres capacity (7) in which 
the gas used was collected and measured. 

Two mercury columns (8) at the entry and 
exit of the apparatus for controlling the working 
pressure. 

A specimen-holder (Fig. 9) in which the 
specimens (small plates) are fixed by means 
of scaling-resistant wire. In this way it can 
be ensured that the combustion gases surround 
the specimens in the furnace from all sides. 
The scaling tests in air were carried out in an 

ordinary tube furnace to which the atmospheric 
air had free access. 
(2) Experimental Procedure 
The following high-strength heat-resistant steels 
were tested in air at temperatures of 600°, 700°, 
800°, 900°, and 1000° C. : 


No. 1. Austenitic 18/8 chromium-—nickel steel 
No. 2. Austenitic 18/8/2-5 chromium-—nickel-silicon 
steel 


Fic. 8—Water container 
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Fig. 9—Specimen holder 


No. 3. Austenitic 25/20/1-5 chromium-nickel—mo- 
lybdenum steel 

No. 4. Austenitic 16/15 manganese—chromium steel 

No. 5. Martensitic 14/1 chromium-nickel steel 

No. 6. Martensitic-ferritic 17/1 chromium-—nickel 
steel 

No. 7. Ferritic 27/4-5/1-5 chromium-nickel—molyb- 
denum steel. 

Steels Nos. 1, 2, 3, 6, and 7 were tested in 
combustion gases I and II at temperatures of 
600°, 700°, 800° and 900° C., and in combustion 
gas IIT at 1000° C. 

Steels Nos. 4 and 5 were not examined in 
combustion gas, since they suffered comparatively 
great scaling losses even in air. The following 
steels, however, were studied in addition in air 
and in all three combustion gases at 750° C. : 

No. 8. Austenitic 18/9/0-5 manganese—chromium-— 
titanium steel : 
No. 9. Austenitic 18/12/0-5 manganese—chromium 
vanadium steel 
Table I gives the complete analyses of the steels 
tested. 

For the tests in combustion gas the scaling 
furnace was tightly connected with the gas inlet 
and outlet. As mentioned above, the combustion 
gases were made up synthetically, compositions 
being chosen which corresponded roughly to those 
of the combustion gases developed on combustion 
of fuel oils with various sulphur contents 





Fig. 10—Specimen holder 
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TaBLE I—Analyses of the Steels Tested 
perce Saanich tai ———. 
No C,% Si, % Mn, % r,% 8S, % Ni,% Cr, % Mo, % i, V,% | Nz, * 
1 0:05 | 0-50 | 0-35 | 0-025 | 0-025 8-5 | 18-0 ete a ee 5% 
2 0-10 2-35 | 1-25 | 0-03 0:03 11 20-0 AS a 4 
3 | 0-20 | 2-47 | 1-06 | 0-03 | 0-006 | 20-3 | 24-17 1-57 i 
4 | 0-15 | 0-75 | 16-0 | 0-025 | 0-025 14-00 | | se 
5 | 0-08 | 0:50 0-60 | 0-025 | 0-025 i 13-50 —_ 
6 | 0-22 | 0-50 0-35 | 0-025 | 0-025 0-8 17-00 Bee | 
7 | 0-17 | 0-38 0-17 | 0-025 | 0-025 4-5 | 25-80 | 1-58 a 
8 | 0-15 | 3-00 | 17-0 | 0-06 | 0-025 1-75 | 9-00 a ee ee eee 
9 0-07 | 0:75 | 18-45 | 0-003 | Trace 0:44 | 12-00 0-70 | 0-1 





t.€., corresponding to fuel oils with very low, 
medium, and high sulphur contents (0-05, 0-5, 
and 5-0% respectively) (see Table II), were used 
as raw materials. The required amounts of 
nitrogen, carbon dioxide, and sulphur dioxide 
were added to the steel cylinder in the desired 
ratios at pressures of up to 80 atm. 

Before entering the scaling furnace the pre- 
viously dry gas mixture was saturated with water 

















40; ¥ 
| 56.04 ] 
zo} fl} Air ey ee aa 
| Combustion gos J a = Ps 78.55 13-30 
01 (3) Combustion gos I SKE 
‘: vies 4) Combustion sd 4 (4 eee, 976 
$4.0} of fel 
* 5.01 4 y (2) 
> | 7 
a 0987/ #50 
“ed eo 7) 
be) 0: e 
i ae B88 40s 
S 0-2 jo22 0285 ~~ 
& pe 470 
“008 
/ 
004! 
00? 018 
050 700 800 900  ~~~*/000 
Temperature, °C. 
Fie. 11 
B JOON 
i Air : 4322 
9 (2) Combustion gas I ¥ 
a Combustion gos IT Be 3 423 43, 
sé ! (4) Combustion gas 77] / bg aoe é 
S ; a a& 
S4 | Y a / } 
g y, Y | 
a | 9 4 JW Fos 
£08 — ainda _ 623° @ 
§ 04k a al 6-409 Keo ; 
& O 7 ee 2 ai 
610 sof 
O- og, = 9053 6-090 , 
600 %o 800 900 7000 
Temperature, °C. : 
Fie. 13 
Fies. 11 to 15—120-hr. scaling tests with four inter- 


Curves 1, 
combustion 


2, 3, and 4 represent 
gasses JI, II, 


vals for cooling. 
respectively air, and 
and III 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


vapour at 53° C. in a special water container. 
which was placed in a heating chamber with 
automatic temperature gage the temperature 
being kept constant at 53° + 1°C. by means of 
a temperature regulator. At this temperature the 
gas becomes saturated with the required quantity 
of about 7°% of water vapour. 

Wherever possible the tests were carried out 
on small ground plates, 50 « 15 x 5 mm. (but 
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a few were thinner). The specimen holder could 


= support 18 specimens simultaneously (Figs. 9 
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Fig. 16—120-hr. scaling tests with four intervals for cooling 
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After the completion of each test the layer of 
scale on the specimens was removed by boiling 
in ammoniacal ammonium citrate solution, the 
specimens being brushed carefully with a steel 
brush. In some exceptional cases, in which the 
scale could not be completely removed by the 
ammoniacal ammonium citrate solution, the 
specimens were cleaned in a sodium—potassium 
cyanide melt. After the specimens were perfectly 
clean the scaling loss was calculated from the 
loss in weight. 

(3) Test Results 

The test results are indicated by the curves of 
Figs. 11 to 20. Figures 11 to 15 show the behaviour 
of each individual steel in air and in combustion 
gases I, IT, and III, whilst in Figs. 16 to 20 the 
results obtained on the various types of steel under 
identical testing conditions are summarized. The 
ordinates and abscissz of all diagrams represent 
respectively the scaling loss and the testing 
temperature. 

Regarding the test results, which are obvious 
from the diagrams, only the following remarks 
need be made : 

It is surprising that some of the curves inter- 
sect each other, for instance, that in some cases 
the high-sulphur combustion gas causes less 
scaling than that with a low sulphur content. 
Phenomena of this kind are presumably due 
to the great scatter of the test results. As a 
general rule it is found that at low temperatures, 
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Fic. 20—120-hr. scaling tests in combustion gas III 
with four intervals for cooling 


up to 600° C., and in some cases up to 700° C., 
the sulphur content has no appreciable effect 
on the scaling loss. 

It is interesting and unexpected that accord- 
ing to the tests, 25/20 type steels are less 
sensitive to the effect of sulphur than 18/8 type 
steels, and further, that the martensitic and 
ferritic 17/1 chromium-nickel and 27/4-5/1-5 
chromium-nickel—-molybdenum steels are not 
superior to the ordinary chromium-nickel 
steels. This is in contradiction to the opinion 
expressed frequently that the former are more 
resistant. 

The above investigation gives information 
regarding the behaviour of some steels studied in 
120-hr. laboratory tests interrupted four times 
by intermediate cooling. It must be borne in 
mind that it is not justified to transfer the results 
immediately to the behaviour in practice, since 
scaling does usually not increase linearly but 
parabolically, becoming slower with time. The 
scaling to be expected in practice can thus not 
be determined reliably on the basis of laboratory 
tests of this kind. 
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Observations on Conducting and Evaluating 
Creep Tests’ 


By W. Siegfriedt 
SYNOPSIS 


The paper describes sustained-load tests carried out on various highly heat-resistant 
alloys used in the construction of gas turbines. The results of these tests are evaluated in 
the light of the main problems presented by gas-turbine design. 

A much longer life is required of stationary gas turbines for power plants and marine- 
propulsion duties than of aircraft gas turbines. The question of extrapolation over long 
periods (more than 10 years) is therefore dealt with. 

The tests described also broach the problems of three-dimensional stressing at high 
temperatures and the influence of notches on hot strength. 

The results of sustained-load tests on smooth and notched bars at high temperatures 
are set forth and discussed. A decisive influence on deformation figures in the sustained- 
load test and on the notch toughness is exercised by the testing time. Curves for various 
steels are given which furnish a good criterion of their toughness. 


I—INTRODUOTION before rupture occurs is prolonged. Similar con- 
ditions are encountered at room temperature for 
alternating stress. As the number of alternations 
of load is increased, the stress which can be with- 
stood is reduced. The position here, however, is 
that after a certain number of alternations of load 
(in general 10°) a further reduction of strength 
uepending on the number of alternations can no 
longer be observed. It is thus possible to speak 
of a fatigue strength, i.e., of a strength at which 
the material will hold out practically for ever. 


HE swift developments in the field of gas-turbine 
T construction have already imposed severe 

demands on working materials, and today 
gas-turbine builders still urgently require higher 
working temperatures, as by this means the 
efficiency of their plants can be raised. In the 
temperature range from 600° to 650°C. the 
efficiencies of gas turbines will to some extent bear 
comparison with those of steam turbines. If it 
is possible, on the other hand, to raise the tempera- 
ture of the working medium further, the efficiency 100 _ a 
of the gas turbine will rise quickly and easily - _: a 
out-distance that of the steam turbine. It is 4 
clear therefore that the gas turbine is bound to re 
give a considerable impetus to the development ee 
of heat-resistant steels, and before examining in 
more detail the question of how the metals 
required for the highly stressed parts of the gas 
turbine are to be tested, the requirements of the 
turbine designers must naturally be clear. The 











1 
1 5 0? 5 10? > 5 10? 5 10° 


conditions under which the metals will have to Time to rupture , hr 
work are very diverse and vary over a range not Fic. 1—Sustained-load tests on a 16/13/3 Cr—-Ni-Mo steel 
encountered in other machines. Moreover, com- at various temperatures (after Timken) 


pletely new conditions, unfamiliar in other ‘The situation is quite different with materials 


branches of engineering, have to be dealt with. Which have to work at the temperatures employed 
As the temperatures are carried to the point where ;,, the modern gas turbine. It was hoped, it is 


the metals become red hot, the conditions involved true, that the conditions would be in principle the 


are extremely complicated. _ game as for alternating stress at room temperature. 
The first and main difficulty to be overcome is But experiments have shown that the higher the 


the fact that at these high temperatures the temperature in question, the less this is the case. 


materials used are ‘no longer stable. At a given Figure 1 shows the results of such sustained-load 
stress a continuous slow creep begins and leads 


after a certain time to rupture of the metal. If * Received 2Ist April, 1947 
the stress is reduced somewhat, the time elapsing + Sulzer Brothers (Winterthur), Ltd. 
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Fic. 2—Tensile test on a blade-root joint at room 
temperature 


tests on a 16/13/3 Cr—Ni-Mo steel! at various 
temperatures. The time to rupture is there plotted 
along the abscisse and the nominal stress during 
the whole test along the ordinates on double 
logarithmic scale. From these curves it can be 
seen that, the higher the temperature, the sooner 
an abrupt turning-point is reached in the respec- 
tive test curve, and the more pronounced is this 
turning-point. It is thus seen that what has 
happened is really just the contrary of the usual 
procedure in alternating-load tests at room 
temperature. In that case the curves bend slowly 
into a straight horizontal; here they also turn 
off, but in the opposite direction. In the usual 
case the drop in the curve diminishes as time 
elapses and eventually disappears altogether ; in 
this case the drop increases with the prolongation 
of the testing time. One of the most important 
problems for the gas-turbine builder is therefore 
to know at what stresses he can permit his tur- 
bines to operate with safety during their whole 
working period, so that he is not in danger of 
sudden and unpleasant surprises after a stretch 
of quiet service. 

The fact is that the gas turbines now employed 
demand widely differing working lives. Very short 
operating periods, such as were never known in 
classical engineering, are necessary in aviation gas 
turbines, whether these are the exhaust turbines 
of reciprocating engines or independent jet units. 
In the extreme case of fighting planes the duration 
of service is limited even to a few hundred hours. 
These short-lived creations of modern engineering 
contrast strongly with stationary plants for 
generating electricity. In the latter case at least 
ten years of unbroken service is a natural assump- 
tion for a base-load station, and it is the task of 
the turbine builder to fulfil such requirements. 

It is extremely important that the designer and 
the steel producer should collaborate efficiently, so 
that the designer obtains from the supplying works 
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the data which are essential for a correct estimate 
of the strength of his design. In the construction 
of gas turbines use is naturally made of compo- 
nents in which multi-axial stresses and stress 
concentrations due to notches present themselves. 
The most important parts in this respect are discs 
and blades. The blade has further to be connected 
to the dise by some mechanical joint (Laval root, 
fir-tree root). This mechanical connection always 
brings about a diversion of the flow of force and 
consequently the formation of local stress con- 
centrations. It is thus of the utmost importance 
to know how the tensile strength of a steel changes 
when it is exposed to multi-dimensional stressing 
and what influence is exerted on it by stress 
concentrations due to notches. 

As the explanation of such problems on a 
comprehensive scale calls for an immense body of 
experimental material, it will be necessary at first 
to restrict investigations to specially important 
points, and to attempt in these special cases to 
establish the relationship between the strength of 
smooth and notched test-bars on the one hand 
and that of the actual elements of design on the 
other. 


II—Terstinc PrRocEDURE oN HiGuHty HbEat- 


RESISTANT MATERIALS FOR GaAS-TURBINE 
CONSTRUCTION 

It is the task of material-testing to reproduce 

complicated stress conditions encountered in 

engineering practice in the form of easily realized 

At high temperatures, 


and simple models. 





Fic. 3—Tensile test on a blade-root joint at room 
temperature (blade piece) 
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however, the testing conditions become far more 
difficult. It is only at very great expense, for 
instance, that sustained-load tests with three- 
dimensional stresses can be carried out at high 
temperatures. The sole possibility of conducting 
tests with different stresses at high temperatures 
is to be found in sustained-load tests with smooth 
and notched specimens, in which case both the 
depth and the angle of the notches in the latter 
bars have to be varied. 

The results of these investigations must in some 
way be transferred to the conditions of engineering 
practice. As at present not even the rudiments 
of a system of calculation are available, it is in 
some circumstances necessary to carry out model 
tests with individual elements of design, the aim 
being to reduce the strength of these parts to the 
terms of the strength of smooth and notched bars. 
This is the course which has been followed by 
Sulzer Brothers in determining the strength of 
blade connections for gas turbines, and it has 
proved that they cannot by any means calculate 
the strength of designing elements subjected to 
multi-axial stressing and stress concentrations in 





Fic. 4—Tensile test on a blade-root joint of the same 
steel as in Figs. 2 and 3, but carried out at high 
temperature and extending over some hundreds of 
hours 
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the same way as would be done at room tempera- 
ture. 

Figures 2 and 3 show the result of a model test 
with a blade joint which was carried out at room 
temperature. For this joint the load of the tensile- 
testing machine was increased until fracture 
occurred. It can be seen from the two illustrations 
that the teeth were deformed until the blade root 
proper was able to slide out of the opposite piece. 
In contrast, Fig. 4 illustrates a high-temperature 
sustained-load test which extended over several 
hundred hours. Comparison of Fig. 4 with Figs. 2 
and 3 reveals that the mechanism of fracture at 
high temperatures is completely different. Owing 
to the notch effect at the base of the indentations, 
cracking begins and develops until the fracture of 
the tooth occurs. This process of rupture lowers 
the strength considerably, and the behaviour of 
a blade-root joint of this kind can never be fully 
explained by tests on smooth test-bars. 

I1J—HicH-TEMPERATURE CREEP TESTS 
(1) Extrapolation over Long Periods 

In the testing of heat-resistant steels intended 
for stationary gas turbines various technical diffi- 
culties of procedure arise. What is no doubt the 
greatest of these lies in the very nature of the 
problem : It is never possible to carry out tests 
over periods which come anywhere near to the 
actual working life of the elements, since in 
stationary plants this must be reckoned as 10 years 
at the least. Material-testing workers are thus 
faced by quite new problems, and consequently 
new and unwonted testing methods have to be 
developed. 

It is known from mathematics that, when it is 
desired to extend the value of a function over a 
certain range, the number of derivatives of this 
function which have to be known increases with 
the size of the interval over which the function 
is to be extrapolated. In a certain sense the same 
applies here. As values which could only be 
actually measured in a test of several years have 
to be determined from tests lasting but a few 
hundred hours, measurements must be made over 
this short period with much greater precision and 
with the use of far more instruments than it has 
hitherto been the custom to employ for material 
testing. The most varied factors must be examined 
and followed up and the changes in the individual 
results evaluated in such a way that more exten- 
sive periods of time can be covered with greater 
certainty than before. The procedure is of course 
not mathematical, but is rather a matter of 
ascertaining the basic physical trends, of following 
up many different physical magnitudes by means 
of sensitive measurements, and of deciding 
whether certain injurious tendencies, in themselves 
possible, will take effect or not. It is therefore 
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Fic. 5—Sustained-load curve for an unstable Cr—Ni- 
Mo-W steel at 650° C. 


pointless to discuss whether it is more useful to 
determine one figure or the other. In the compli- 
cated relationships involved in the complex steels 
in question it is likewise out of the question that 
any ingenious special process should be found by 
which it would be possible to decide once and for 
all whether a steel will stand up to practical service 
or not. In ordinary material testing the values 
to be determined can always be directly measured, 
or mostly even arrived at by interpolation. Never 
was there any need of extrapolation on the scale 
required in the domain of heat-resistant steels. If 
heat-resistant steels are to be used in engineering, 
therefore, due account must be taken of the 
possibilities involved, and the testing methods 
must be continually developed and extended, so 
that extrapolation may be carried out over 
lengthy periods with increasing reliability. These 
arguments will now be documented and illustrated 
by a few examples. 


(a) Decomposition of Austenitic Steels at the Grain 
Boundaries 


Figure 5 shows the results of sustained-load tests 
on notched bars of a chromium-nickel-tungsten 
steel at 650° C. This curve is striking on account 
of the pronounced drop in the sustained-load test 
values for long testing periods. An investigation 
was therefore made to discover the causes of this 
extremely rapid drop after about 1000 hr. Metallo- 
graphic and magnetic examinations showed that 
the steel had in part changed to ferrite at the 
grain boundaries, with the result that there was 
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Fic. 6—Increase in the magnetic saturation of Cr—Ni- 

Mo-W steel with annealing time. Heat treatment : 


3 hr. at 1020° C., air-cooled 
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an extraordinary reduction of the strength 
these boundaries. Figure 6 shows the increase in 
the magnetic saturation as a result of annealing 
at 650° C. It can clearly be seen how marked the 
decomposition of the austenite into ferrite becomes 
after long periods. 

The change in the Brinell hardness, tensile 
strength, and notch toughness was also deter- 
mined as a function of the annealing time at 
650° C. The results are summarized in Table I. 

The result of the metallographic examination 
can be seen in Figs. 7, 8, and 9. Figure 7 shows a 
microscopic section through the metal which broke 
after 120 hr. on the sustained-load testing 
machine. Figure 8 shows an etched section 
through the test-bar fractured after 120 hr. ; it can 
be seen that the course of the fracture is 
intercrystalline. The same fact is even more 
distinct in Fig. 9, which shows the specimen with 
a testing time of 5965 hr. It is apparent from 
this illustration how the structure has been 
loosened at the intercrystalline boundaries. The 
chemical analysis of the steel was as follows : 


Carbon 0-11% Chromium 16-40% 
Manganese 0-25% Nickel 7°99% 
Silicon 0-99% Tungsten 0-64% 
Phosphorus 0:026% Titanium 00-12% 
Sulphur 0-01% Molybdenum 0-10% 


A further example of this type is a steel with 
the following chemical analysis : 


Carbon 0-°11% Chromium 17-65% 
Manganese 0-41% Tungsten 0-72% 
Silicon 0-85% Vanadium 0-20% 
Nickel 8°53% Titanium 0-30% 


Figure 10 shows the results of sustained-load tests 
at 600° C. with this steel. It can be seen that 
the curve falls off quickly after a few hundred 


TaBLE I—Summary of Results 
































| r Yield Tensil hae | 
Annealing | Brinell | Point, | Strength | Plonge- | Notch 
650° C. Hardness kg./*1- kg./94. 2 = 5d, % | kgm./sq. cm. 
| 
| © | 1938-197 | 30-1 | 81-4 | 51-5 | 27-6 | 
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Fic. 7—Section through the fracture of the Cr- 
Ni-—Mo-W steel with a time to fracture of 120hr. 





Fic. 8 —Same scction as ‘n Fig. 7, after etching 





Fie. 9—Section through the fracture of a 
specimen of Cr—-Ni-Mo-W steel for a time to 
fracture of 5965 hr. 
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Fic. 10—Sustained-load curve for an 18/8 Cr—Ni steel 
with W and Ti 


hours. The steel was investigated thoroughly 
both as to the change in the magnetic saturation 
with different heat-treatments and the change 
in the notch tenacity and Brinell hardness as a 
function of the annealing time at 650°C. The 
following figures show the results of the magnetic 
investigations, while in Table II those of the 
notch impact and the hardness tests are given : 


; Magnetic 
Specimen Treatment Saturation 
Gauss 
42 As received ... wis seh ve 203 
43 1000 hr. at 650° C. ... a “en 325 
44 2500 hr. at 650°C. ... aa ... 1090 
45 20°,, drawn down 1000 hr. at 
650° C, oa wae ~ q 1880 
46 20°, drawn down 2500 hr. at 
650°C, io aca “re ; 2580 
47 Cooled in liquid air... ; , 945 
48 Cooled in liquid air L000 hr. at 
650° C. “e bs : 618 


It is evident from these figures that in this steel 
a decomposition of the austenite into ferrite takes 
place, as annealing for 2500 hr. at 650° C. raises 
the magnetic saturation from 203 Gauss to 
2580 Gauss. 

The test with cooling of the steel as received 
shows that the austenite is not yet stable 
at this nickel content, as the percentage of 





TABLE I] 


Results of Notch Impact and Hardness 


Tests. Specimen 


s VSM 10 


Notch Brinell 
Specimen Treatment renacity (K Hardness 
| kgm./sq. cm. H5/750/30 
; 
| 68445-—1 | As received 29-9 180 
| 68445-2 30:7 188 
| 68445-3 32:4 182 
| 68445-4 | 1000 hr. at 650° C. 23-2 Not definite 
684A 45-5 24-5 Not definite 
| 68445-6 24-9 | Not definite 
684A 45-7 | 2500 hr. at 650°C. |} 13-5 185 
68A45-8 | 18-0 185 
68A45-9 | 16-5 182 
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Fic. 11—Nature of the fracture of the 18/8 Cr—Ni steel 
with W and Ti for a time to fracture of 21-6 hr. 





Fic. 12—Nature of the fracture of the same steel as in 
Fig. 11 for a time to fracture of 856 hr. 


magnetizable components in the structure is also 
increased by further cooling. The marked change 
in the notch tenacity as a function of the annealing 
time at 650° C. indicates likewise that modifica- 
tions have taken place in the structure. 

The fractured test-pieces were also investigated, 
and it was shown that the fracture became more 
and more intercrystalline, while for long loading 
times the necking of the bars decreased con- 
tinuously. Figure 11 shows the specimen which 
broke at a stress of 25 kg./sq. mm. after 21-6 hr., 
the temperature being 600°C. Figure 12 shows 
the appearance of the test-bar which withstood 
a load of 14 kg./sq. mm. for 856 hr. A close 
examination of this photograph reveals the signs 
of intercrystalline separation on the surface of 
the specimen. 

These two examples serve to illustrate more 
clearly the point of view expressed above on the 
extrapolation of the values obtained from sus- 
tained-load tests and the establishment of the 
limit of safety of gas-turbine parts against frac- 
ture. In the case of Fig. 5, for instance, in order 
to determine by sustained-load tests if this steel 
is not stable and shows an excessive drop in the 
sustained-load curve after long working periods, 
a test of at least 3000 to 4000 hours’ duration 
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must be carried out. From Fig. 6, on the other 
hand, it will be seen that a rise in the magnetic 
saturation is already to be observed after about 
100 hr. If the influence of this important magni- 
tude is understood and whence the embrittlement 
and the strength reduction of the material come 
are known, it can be decided in a much shorter 
time whether the steel is suitable for use or not. It 
is naturally a condition that the part played by 
influencing magnitudes should be quite clear, and 
that they should be determinable by some 
method. It must be expressly pointed out that 
a decomposition of the austenite is out of the 
question in higher-alloy steels or even in iron-free 
alloys. In its place, however, other phase trans- 
formations may take effect and produce similar 
results, even if not in the same degree. The 
procedure is therefore to attempt to identify the 
most important physical processes, to learn how 





Fic. 13—Example of the notch sensitivity of a steel at 
high temperature 
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Deformation curves for notched tensile test-bars 


x= Incipient fracture ; k 


Reduction of diameter to the right (after Kuntze) 


Fia. 14—Stress/elongation curves of notched bars of a steel sensitive to notching at room 
temperature (after Kuntze) 


they can be fixed by a suitable measurement, and 
in this way to make sure of the reliability of a 
design and of the possibilities of extrapolating on 
the basis of the sustained-load test curves. For 
classical material testing this procedure is un- 
orthodox and new, and may perhaps appear at 
first glance to go too far. It must be realized, 
however, that in view of the enormous extrapola- 
tion demanded in these tests, this is the only 
possible way of obtaining dependable results and 
of making it possible to guarantee the safety of 
the machines. 


(b) Sensitivity to Notching 

An important property of highly heat-resistant 
alloy steels when stressed at high temperatures is 
their sensitivity to notching. This phenomenon 
is not unknown in tensile tests at room tempera- 
ture, but is in general of subsidiary significance 
in engineering as compared with notch sensitivity 
under alternating stress. In bridge construction 
and shipbuilding, it is true, the problem is of much 
greater importance, as here the brittleness of 
ordinary low-carbon steel at low temperatures is 
notorious and has often led to grave accidents. 
If, now, the metals are submitted to tensile tests 
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with sustained loads at high temperatures, they 
behave like ordinary basic-Bessemer steel at low 
temperatures. Small cracks and injuries to the 
surface may slowly develop and finally lead to 
fracture without deformation. Figure 13 shows a 
test-piece on which a small mark was made for 
measuring purposes. This mark was sufficient to 
cause the formation of the crack from which the 
fracture of the bar developed. The machine 
designer must therefore be aware at all times 
that these materials will in some circumstances 
behave under prolonged test in a manner similar 
to basic-Bessemer steel at low temperatures. 
Sharp radii of curvature and surface injuries must 
therefore be avoided in all designs, although only 
protracted static loading is involved. 

It is of course obvious that not all steels and 
alloys are equally sensitive in this respect. The 
tests with chromium-—molybdenum and _ chro- 
mium-nickel steels once carried out by Thum 
and Richard’ are well known. They proved that 
the chromium -nickel steels were markedly inferior 
to the chromium-—molybdenum steels. As in the 
case of creep stress the phenomena are much more 
complicated and difficult to follow, owing to their 
dependence on time, than at room temperature, 
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Fic. 15—Division of materials into those safe when notched and those unsafe when notched, 
according to the proportional elongation and reduction in area. Limiting curve of a sound 
distribution of proportional deformation and reduction in area for assessing the static safety we 
of materials in relation to notch effects (after Kuntze) 


Materials : R = steel R, 0:7% C.; R! = same steel drawn down; Ms = brass 58, 








annealed; CulIand Cull = copper, annealed; Cul = same, drawn down; C. Al = q 
commercial aluminium, annealed, 98% ; A. Al = American aluminium, annealed, 99-9% ; or’ 
WW = Krupp soft iron, annealed; 1 to 6 = unalloyed carbon steels (steels 70, 60, 50, 
44, 37, and 34) according to D.I.N., 7 to 9 = chromium-nickel steel, V.C.N. 15, according 
to D.I.N. (annealed ; heat-treated for hardness, heat-treated for toughness); 10 = steel : 
of 60-64 kg./sq. mm. strength, taken from a bolt fractured in service Hate 
the 
the 
where there is one variable less (the influence of Kuntze found that the ratio of proportional elo 
time being negligible), it will be best if first of elongation to contractional elongation furnishes cur 
all the conditions revealed by the known investiga- a certain characteristic measure of the sensitivity rest 
tions at room temperature are summarized. This of a material to notching (see Fig. 15). On the atte 
will enable at least certain general criteria to be basis of investigations into steels which had dete 
obtained, and also basic data on the processes broken in service and materials used for com- the 
taking place at high temperatures and on the parison, Kuntze concluded that the ratio : on 1 
measurements which may possibly be of value. 3. — 
Figure 14 shows the manner in which notches take .* from 10 to 30 of t 
effect in brittle ree according to the investiga- must apply if the material is to be suitable for se 
tions of Kuntze.* From a tensile-test diagram ordinary bridge building.® This 8, is the contrac- proj 
with - notched bar it is seen that the maximum tion converted into elongation by means of the 
load is not reached, but that rupture occurs f)pmula - ° ‘ a 
beforehand as a result of cracking. In the light ; , 
of his investigations Kuntze® came to the con- = Bisse 
clusion that the notch sensitivity can be deter- maces : 
mined in the main by two factors of the normal Kuntze explains his test results by considerations 50 
tensile test. A certain measure of this sensitivity on the structural mechanism involved. If 8, is 
for a given material is in fact provided by the too large, internal faults are present, while if it ‘tf 
reduction of area in the normal tensile test and is too small this is due to internal stresses. It is 30 
by the so-called proportional elongation. When also possible to explain these conditions in a tv 
carrying out a tensile test, it is observed first of purely mathematical way, however, and as this g 
all that the whole bar stretches uniformly, a local provides the most understandable picture of the 
reduction of area not occurring at any point. processes taking place in the creep of metals, this = 6 
This type of elongation continues until the method of viewing the problems may be briefly 
maximum load is reached, but from this moment described here. 
onwards it is no longer the whole bar that ex- The significance of the proportional elongation Fic 
pands ; instead, a neck begins to form at one and the contractional elongation is first investi- we 
point in the bar, and finally leads to fracture. gated. For this purpose it is considered® that the 
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stress of the plastically deformed material in its 
dependence on the true elongation is equal to: 


idl l ' 
3=('4 10 —— — tog (1 eee 
Jo! 7% . 100 
where /,_ = initial length, 
lL = length of bar, 
= contraction. 


For the attainment of the maximum load the 
following relationship holds good : 
d (o.F’) = 0 


where o = true stress, 


F = actual section, 
F') = initial section, 
P = total load. 
or: ) =e .0F + fF . de: 
With 
F = F (7 — ve. = F. 
1 ( 100/ - 
we obtain as extreme condition : 
See ee 
O= — Poe + Fo 2 
or‘ 
do 
o= * 
ds 


i.é., the maximum load is characterized by the 
fact that in the true-stress/true-elongation curve 
the value of the stress becomes equal to that of 
the derivative of the stress according to the 
elongation. Figure 16 shows the stress/elongation 
curve which was plotted with the aid of the test 
results measured by Kérber.® The points for the 
attainment of maximum load, as experimentally 
determined by Kérber, were also entered. Further, 
the values of the derivations were also introduced 
on the curve-sheet, and it is seen that the earlier 
considerations can be verified within the accuracy 
of the tests. On the basis of the curves plotted 
in Fig. 16 it can now be easily recognized how the 
proportional elongation is decided by the form 








True stress, k 








" 0.2 0.3 0.4 0.5 06 0.7 0. 
4 


0 A] 
log (485 )=—log a-* ) ,W=reduction of area 


—— local elongation 3 os a function of the true stress 
—-—first derivative of the stress-elongation courve 


Fic. 16—Relationship between the form of the stress/ 
elongation curve and the attainment of maximum 
load 
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TaBLE I1I—Chemical Composition of Materials 








Used 
| Material | C,% Si, % Mn, % P,% S,% 
= tow es an, 
} | 
|PD1 | 0-10 | 0-01 0-12 0-01 0-010 
|'PD2 | 0-13 | 0-04 0-13 0-015 | 0-018 
|PD3 | 0-25 0-05 0-12 0-01 0-018 
PD4 | 0:45 0-06 0-13 0-01 | 0-018 
|\PD5 | 0-55 | 0-06 | O-ll 0-01 | 0-015 
} | 
Composition of copper: 99°88% Cu, 0°016% Pb, 0:076% Fe, nil Zn 


of the stress/elongation curve. Suppose for this 
purpose the stress/elongation curve of copper is 
compared with that of PD5 steel. (The chemical 
composition of the materials can be seen in 
Table III.) The stress/elongation curve for copper 
is much flatter and the transition from the elastic 
to the plastic region is much more gradual than in 
the PD5 curve. For this reason the curve for the 
derived values is also much less steep for copper 
than for PD5 steel. The point of intersection of 
the stress/elongation curve and the derivative 
curve is therefore much more to the right for 
copper than for the steels. It may be said in 
general that the proportional elongation decreases 
as the transition between the elastic and plastic 
regions becomes more abrupt and as the stress at 
which this transition takes place becomes higher. 








} 
-80 - 7 7 
ocal elongatior 
— — first derivative 


5 aso function of the true stres 


—'— second derivative 
Fig. 17—Relationship between the form of the stress 
curve and the nature of fracture at room tempera- 
ture 


These conditions are very well shown by Fig. 18, 
which was published by MacGregor® and in which 
the stress/elongation curves for various steels are 
plotted with indication of the point at which the 
maximum load was reached. But these considera- 
tions enable still more conclusions to be drawn 
from the stress/elongation curves, from which it 
can be seen whether a sharp reduction of area 
extending over a small range will develop, or 
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a Attainment of maximum load 


Fic. 18—Results of tensile tests on various metals with 
indication of the attainment of maximum load 
(after MacGregor) 


whether the contraction will involve a consider- 
able length of the bar. This possibility is explained 
by the following deduction. Ifa short and strictly 
localized reduction of area occurs, the load will 
have a very steep maximum, for on moving away 
from the point of maximum load, a marked change 
will at once make itself manifest. 


Now: 
P=<¢eF 
dP = doF + Fdo = 0 (for maximum load) 
@P @F do dF da 
sees te2anxm trom: 
ds? dé ds ds ds? 
With 
F=Foe- 
and 


d ~ 
—o+ = 0 (maximum-load condition) 


we obtain : 


dP : _ [do dco 
as? (maximum load) = « — 6. Fo| = 2\ 


dc 
= = 6 eae ne 
€ Fol o|. 


If, now, the curve is plotted for the first derivative, 
and from it that for the second derivative, beside 
the stress/elongation curve as in Fig. 17, it is seen 
that the curve for the second derivative has 
negative values. The value : 


d’c 
o~ a 
is a measure of the increase or decrease of load 
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on moving away a little from the maximum-load 
point. This value can be obtained very easily 
from Fig. 17, as it is determined by the ordinates 
between the second derivative and the stress 
curve. If this value is great, a sharp neck will 
form ; if it is small, the neck will be long-drawn- 
out. It is thus possible to judge which factors 
favour sharp contraction, namely, (1) high stress 
at maximum load, and (2) a large ordinate for 
the second derivative, which is in evidence when 
the curve for the first derivative falls off steeply, 
a circumstance which results from an abrupt 
turning-point in the stress/elongation curve. 

If instead the stress/elongation curve has a 
gradual transition, as for instance in the case of 
copper, the proportional elongation is great and 
the ordinate for the second derivative is small, so 
that a much longer neck will result. A typical 
example of this is provided by the austenitic 
chromium-nickel and chromium—manganese steels, 
which break in the tensile test at room tempera- 
ture with a very long-drawn-out neck. These 
steels also have an extremely gradual transition 
from the elastic to the plastic region. The position 
may therefore be summarized by the following 
points : 

(1) A sharp turning-point in the stress/elonga- 
tion curve causes (a) small proportional elongation 
and (b) formation of a sharp neck. In the extreme 
case the work of deformation for the broken bar 
is small, as only a small portion of it takes part 
in this deformation. 

(2) A stress/elongation curve with gradual 
transition from the elastic to the plastic region 
causes (a) large proportional elongation and (b) 
formation of a long neck. In this way the work 
of deformation necessary for breaking the bar is 
increased, as a large portion of the bar volume 
participates in it. 

These relations have been described in such 
detail because it is possible in this way to deduce 
certain connections between the nature of the 
fracture in the test-bar and the sensitivity to 
notching. It is now easy to see that a stress/ 
elongation curve with an abrupt transition, in 
which the material thus has a marked yield point, 
requires much less elongation in order to neutralize 
the stress concentration in the notched bar by 
plastic yield. On the other hand, a material in 
which the transition from the elastic to the plastic 
region is only gently curved will require far more 
plastic elongation until the stress concentrations 
in the notches are neutralized. It is thus seen 
that materials with low proportional elongation 
can get rid of stress concentrations very quickly, 
while those with high proportional elongation can 
do this only after considerable yield. This is not 
to say that materials with high proportional 
elongation are a priori more brittle than others, 
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for the deformation capacity, i.e., the amount of 
plastic elongation which the material can take 
before fracture, naturally also plays a part of some 
importance. For this reason the austenitic steels, 
for instance, although they can neutralize stress 
concentrations only very slowly, are not brittle, 
as they have an extremely high capacity for 
deformation, so that the slow neutralization of 
stress concentration in the notches cannot have 
any injurious effects. 

The course of the curves in Fig. 15, where the 
curve separating the safe from the unsafe notch 
region is almost a straight line, is therefore very 
easy to explain. The smaller the deformation 
capacity of the material, which is given by the 
contraction, the more rapidly must the stress 
concentrations be neutralized in order to prevent 
premature cracking at the notches. The greater 
the deformation capacity before fracture, the 
more slowly may the stress concentrations be 
neutralized, and the more deformation work is 
needed to bring the material to breaking point. 

In the tensile test at room temperature the 
principles involved can be followed to some 
extent, but in the creep test, where time also 
plays a part, this is no longer possible. When 
the relationships between the form of the ruptured 
specimen and the sensitivity to notching are 
visualized, however, it appears very probable that 
similar relationships must also exist at high 
temperatures. This has been confirmed in a whole 
series of tests. Figure 13 shows, for instance, a 
test-bar of an alloy which must be regarded as 
sensitive to notching at this load. In order to 
carry out measurements of elongation, a small 
mark was made in the bar with a centre-punch. 
The slight injury to the surface caused by this 
mark was sufficient to initiate fracture, as it 
became the starting-point of a crack. The metal 
with this high sensitivity to notching also proved 
to have a very small ratio 0,:5,. As already set 
forth in an earlier treatment of the question,?° the 
proportional elongation must be regarded as being 
mainly due to deformation at the grain boundaries, 
while the neck formation is to be explained by the 
effect of translations over the whole cross-section 
of the specimen. 

(2) Three-Dimensional Stressing 

An important question for the design of 
machines to work at high temperatures is how the 
strength figure determined in creep tests with a 
one-dimensional test-bar can be made to furnish 
conclusions as to the possible stressing of the 
individual machine parts in service. Similar 
problems are of course encountered at room 
temperatures, and there is in that case no lack 
of theories and presentations which on the whole 
meet the requirements within the fields of practical 
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Fic. 19—Diagrammatic representation of the mechanism 


of fracture (according to Kuntze) 


importance. General use is made in engineering, 
for instance, of the Guest-Mohr strength hypo- 
thesis for combined-stress conditions. A more 
graphic presentation of the principles involved is 
due to Ludwik, the strength here being regarded 
as a combination of resistance to separation or 
slip and resistance to alteration of shape. It is 
then assumed that during the process of deforma- 
tion the resistance to separation varies according 
to a definite law, while the resistance to alteration 
of shape increases. Fracture occurs at the inter- 
section of the two curves. It is, however, not 
yet quite clear how the curve for the resistance 
to separation runs in relation to the deformation, 
as the resistance to separation of a given metal 
can only be determined by a very complicated 
system of extrapolation. These principles are 
summed up in Fig. 19 on the basis of the work 
done by Kuntze* and McAdam." 

At high temperatures the conditions are much 
more complicated. There are now two more varia- 
bles, namely, time and temperature. In addition, 
the elongation figure is no longer an independent 
value. It is certain that if, for instance, 2% 
permanent elongation is obtained, there is a 
difference according as the speed at which this 
elongation was obtained was high or low. The 
following examples furnish sufficient material to 
demonstrate this fact. For this reason it has not 
been possible up to the present to propound any 
sort of comprehensive hypothesis for the compli- 
cated behaviour in question. There exists, it is 
true, an hypothesis based on the equicohesive 
point, in which the essential difference of the 
grain boundaries and crystals is taken into 
consideration. But the equicohesive theory in its 
original form does not take account of time, and 
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TaBLE IV—Chemical Analysis of the Steels Investigated 












































| No. Steel | &% | Mn, % | Si, % | Ni % | 0% | W% | Vi% | Co, % | Nb, % | Mo, % | Th % 
| l | 
| | 0-47 | 1-02 | 1-4 | 14-3 | 13-9 | 3-14 | 0-2 | 10-0 | 2-3 | 
| | | 
| — | a — — a oe es 
| | | | 
|} 2 | 0-09 | 74-08 | 20°45 |... ca ia aes | 19 | 
| | | 
| ait, ania: Miia aia: ‘eal Wiles 
| 3 Cr-Ni-W | 0-15 | 1-3 | 0-86 | 31-34 | 15-35 | 1-06 | 1:0 0-52 | 
| | er Pras cree ey | eee 
| | | | ae | 
| 4 | Cr-Ni-Ti-Nb | 0-18 | 1-35 | 0-89 | 44-15 119-9 |... . | 44 | 2-8 | 1-8 
| | | | ee eee eee: (eae Seay ene 
| 5 0-17 | 1-23 | 2-06 | 33-35 | 16-7 | 3-68... | 19-96 | 1-73 | 3-76)... | 
| | | 
| Sas: aia Be io cn i | 
| 6 | 18/8 Cr-Ni | 0-11 | 0-4 | 0-85 | 8-5 | 17-6 | 0-72 | 0-2 | 0-3 | 





in order to explain further phenomena it would 
have to be extended accordingly, the strength of 
the grain boundaries and crystals being dropped 
and replaced by functions of time.’ As it is 
extremely difficult, however, to carry out tests 
with multi-dimensional stressing at high tempera- 
tures, we are in the main forced to have recourse 
to the methods of Kuntze and McAdam and to 
conduct tests with smooth and notched test-bars. 
It is then possible, by combining the various 
measured results, to ascertain the influence of 
notch sensitivity and of three-dimensional stress- 
ing separately. This testing method is still much 
more difficult than at room temperature because, 
as the tests have shown, the rate at which the test 
is carried out has a decisive influence on the notch 
brittleness and because, in addition, time enters 
the calculations as a further variable. 


(3) Tests with Various Steels 
A number of steels were investigated at various 
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Fic. 20—Sustained-load curves for steel No. 1 at 650° 
and 700° C. 
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temperatures with the foregoing considerations in 
view, and various examples of tests at 650° and 
700° C. with smooth and notched bars may here 
be cited and used for evaluation purposes. The 
notched bars were provided either with semi- 
circular or with V-shaped notches of differing 
depths. In view of the large number of possibilities 
and variations it was naturally a question of 
gleaning a few important principles for the 
dimensioning of machine parts, and of determining 
rather in a qualitative sense what kind of pheno- 
mena had to be dealt with. Table IV gives 
details of the chemical analysis of the steels 
investigated. 


(a) Steel No. 1 


Figure 20 shows the results of various sustained- 
load tests on this steel, in smooth and notched 
bars, at 650° and 700°C. A notched specimen 
with a V-shaped groove, which had an angle of 
opening of 60°, was first tried. A further notched 
specimen had a round notch with a radius of 
1-5 mm., the diameter of the bar being equal to 
half the shaft diameter. At a temperature of 
650° C. the strength of the specimen with the 
sharp notch was about 20% below the sustained- 
load curve for the smooth bars, while the specimen 
with a round notch showed a strength about 20% 
above the curve for smooth bars. For the tests 
at 700° C. a bar having a sharp notch similar to 
that tried at 650°C. was employed. This form 
of notch now led to an increase in the sustained- 
load strength as compared with the smooth bars. 
In the light of these test results it appears com- 
pletely impossible to make any statement as to 
whether this steel is to be regarded as brittle or 
not when notched. Some tests make it appear 
that the steel is brittle in this sense, while in 
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others the notched bar has a higher strength than 
the smooth bar. At first glance it might seem 
that this fact is to be ascribed simply to the 
dispersion in the sustained-load test and that 
there would be no point in seeking more accurate 
data in such tests, as the region is already reached 
within which values fluctuate as a result of 
influences beyond control. The problem was 
nevertheless examined more closely and the 
conclusion was reached that certain laws are here 
at work and that the deviations of the points for 
the sustained-load curve from the mean lines are 
not to be regarded as dispersions. In Fig. 21 
the true stress is plotted along the ordinates 
and the reduction in area of the broken bar along 
the abscisse. The testing times obtained in the 
sustained-load tests are indicated beside the 
various points. By connecting up the correspond- 
ing points in the order of increasing testing time 
an S-shaped curve is obtained, this being so both 
for the tests at 650° C. and for those at 700° C. 
The fact that the form of this curve is not a 
random one to be attributed to dispersions is 
clear inasmuch as the points for testing times of 
90 hr. and 550 hr. were obtained with test-bars 
from the same charge. Test values which were 
obtained with specimens from another charge are 
the points for times of 127 and 556 hr. Never- 
theless, all four points lie on the same curve. 


This curve has been confirmed by a variety of 
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Fig. 21—S-shaped tenacity curves (true-stress/reduction- 
in-area) for steel No. 1 


steel alloys and also by tin alloys, so that it may 
be regarded as a general phenomenon. 

A comparison of Figs. 21 and 20 is very instruc- 
tive. In Fig. 21 at 650° C. the upper loop of the 
S-shaped curve lies at about 169 hr. In the 
sustained-load test curve there is a drop at this 
duration. The second loop of the S-curve, at 
which the greatest contraction values occur, is 
reached at a time of about 1670 hr. In the 
sustained-load curve this point lies above the 
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‘Development of the state of stress in a notched 
bar (diagrammatic) 


straight lie for the mean values. At '/00‘ C. the 
position is quite similev. The lcops cf tre S-shaped 
stress/eiongation curve correspond *io “extreme 
values in the sustained-load curve. Tests on the 
influence of the rate of rupture on strength 
properties at high temperatures have also been 
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Fic. 23—Influence of the notch depth on the stress 
concentration in notched bars (after McAdam) 
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carried out by Nadai, MacGregor, Manjoine, and 
C. F. Fisher in another connection." 4 
Before making further use of the results with 
the notched specimens, the course of the stressing 
in notched test-bars must be taken into account. 
A notch has the following effects in a test-bar : 
(1) A stress peak is formed at the base of the 
notch. 
(2) A radial transverse stress acting at right- 
angles to the tensile stress takes effect. 
Figure 22 illustrates these conditions schematic- 
ally. For sharp notches, according to the tests 
of Kuntze, the radial stress in the middle of the 
test-bar can be calculated with the formula : 


os, (1 — k) (180 — w), 
co 180 





where 6, = radial stress components, 
6, = longitudinal stress, 


d? Smallest area 





D? ~ Area of bar without notch 
w = notch angle. 


The magnitude of the stress concentration as 
a function of notch depth for constant radius of 
curvature at the base of the notch can be seen 
from Fig. 23.15 Also, for a relative notch area 
of 0-6 the stress concentrations are at their 
highest values, while with increasing notch depth 
and decreasing notch angle the radial stress com- 
ponent rises. It is now also clear why the bar 
with a sharp notch and a testing time of 35 hr. 
has a strength lying below the sustained-load 
curve, while the second test-bar with a round 
notch and a testing.time of 1012 hr. lies above 
the curve for smooth: bars, “In the first case the 
stress concentration is much greater on account 
of the sharp notch, and ai- the same time the 
deformation capavity of the-bar in this region is 
much smaller, so that a considerable drop occurs 
in the true stress in the notched bar, as is visible 
from Fig. 21. In the second case the deformation 
capacity at this loading period is much greater, 
while in addition the stress concentration with 
the round notch is lower, though the radial stress 
is at the same time greater owing to the greater 
depth of the notch. For this reason the drop in 
the true stress is less than in the first case. The 
notched bars, however, do not show so great a 
rise in the capacity for deformation at the loops 
of the S-curve as do the smooth bars. 

The difference between the two extreme values 
of the S-curve can also be clearly observed in the 
broken specimens. Figure 24 is a photograph of 
the broken test-bar which had been loaded for 
169 hr. at 650° C., while the bar in Fig. 25 was on 
test for 1673 hr. A glance at Fig. 25 brings home 
clearly the fact that the superimposition of a 
radial stress has caused a greater reductioni n the 
deformation capacity than is the case in Fig. 24. 
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Fic. 24—Nature of the fracture in a specimen of steel 
No. 1 for a time to fracture of 169 hr. 


at 650° C. 





Fic. 25—Nature of the fracture in a specimen of steel 
No. 1 for a time to fracture of 1673 hr. at 650° C. 





Fro. 26— Nature of és actians in a specimen of steel 
No. 1 for a time to fracture of 90 hr. at 700° C. 





Fic. 27—Nature of the fracture in a specimen of steel 
No. 1 for a time to fracture of 550 hr. at 700°C. 


The conditions are similar at 700° C. Figure 26 
shows the specimen which was tested for 90 hr., 
while Fig. 27 is a photograph of the bar with a 
testing time of 550 hr. Here, too, distinct dif- 
ferences of the same kind can be observed. 

In Fig. 28 the values for 5,/8, and for the 
reduction in area are plotted as a function of the 
testing time for steel No. 1. The elongation figures 
are those determined in the sustained-load test. 
The proportional elongation was taken, as for the 
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tensile test at room temperature, from the known 
curves found in the literature. It is of course 
realized that this procedure is not quite correct, 
as the mechanism of fracture at room temperature 
is somewhat different. It is seen that the value 
of the reduction in area falls rapidly at the first 
turn in the S-curve, but that the ratio §,/5, does 
not fall to the same degree as ». The metals thus 
lose in deformation capacity, but the proportional 
elongation decreases considerably and the ability 
to neutralize stress concentrations is therefore 
much greater. In the second brittle region at very 
high testing times both the neck contraction and 
the ratio 3,/8, fall off. 


(b) Steel No. 2 

This metal was tested in the same way as steel 
No. 1. Figure 29 shows sustained-load test curves 
for smooth and notched bars at 650° and 700° C. 
Figure 30 shows the curve for the true stress as a 
function of reduction in area for 650° and 700° C. 
Again the values for the notched specimens are 
entered, and the influence exerted by time on the 
notch brittleness of this metai is clearly seen. The 
arrows in Fig. 30 indicate the points of the 
curve for smooth bars having the same testing 
time as the notched bars. At a test duration of 
3 min. a considerable increase in strength can be 
observed in the notched bars. In a 4-hr. test there 
is also a large increase, which however does not 
attain the same degree as before. At the point 
for 126} hours’ testing time there is already no 
noteworthy increase in the strength to record, but 
instead a pronounced reduction in the capacity 
for deformation. As the three notch forms being 
dealt with here have the same dimensions, at the 
beginning of the test the radial stress and the 
stress concentrations are equal in all three cases. 
Thus the influences of stress concentration and 
radial stress must ‘have different effects with 
increasing testing periods. The radial stress 
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Fic. 28—Ratio of neck elongation to proportional 
elongation and reduction in area as a function of 
the time to fracture for steel No. 1 
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Fic. 29—Sustained-load curves for steel No. 2 at 650° 
and 700° C. 


causes a heightening of the resistance to plastic 
deformation, while the stress concentration favours 
cracking in the base of the notch. It can therefore 
be concluded that the sensitivity to notching 
grows with increasing testing times. 

The curve at 700° C. takes a similar course. It 
is also interesting that the notched specimen which 
fractured at 2276 hr. at 700° C. takes up a position 
in the diagram which for the time being cannot 
be explained. 


(c) Steel No. 3 

The results of the sustained-load tests are 
plotted in Fig. 31. For this steel a whole series 
of notch forms was employed, some being round 
and some V-shaped. The results of the sustained- 
load tests with notched bars at 650°C. were 
plotted by way of example in Fig. 31. It is evident 
how difficult it is to evaluate the results of tests 
with notched bars without taking into account 
the curves for true stress against neck elongation 
previously described. 

In Fig. 32 the true stress in the sustained-load 
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Fic. 31—Sustained-load curve for steel No. 3 at 650° C. 


test was again plotted in its relation to the reduc- 
tion in area. The testing times for the respective 
specimens are also entered. It is again noticeable 
that the increase in elongation along the bottom 
loop of the S-curve holds good only for the smooth 
bars and for notched bars having round notches 
with a large radius of curvature. There is a very 
marked difference between the bar with a testing 
time of 1564 hr. and that of 2360 hr. In the first 
bar the increase in the stress concentration is very 
slight, while for the second bar it is very great. 
In this diagram the influence of the various notch 
forms on the sensitivity to notching can also be 
investigated. Comparison is possible between the 
points with test durations of 92, 109, and 150 hr. 
The difference between the two specimens: of 92 
and 109 hr. is that the former bar has a deeper 
notch than the latter. This means that in the 
first case the radial stress is greater, while at the 
same time a greater local stress concentration is 
in evidence. It can clearly be seen that in this 
part of the curve the stress concentration exercises 
a great and decisive influence on the true stress, 
or in other words, that the bars in this region are 
to be regarded as brittle when notched. The 
test-bar with a time of 150 hr. has a much greater 
radius at the root of the notch as compared with 
the bar of 109 hr., as the notch is here round. It 
is clear that the true stress is raised by comparison 
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1G. 32—S-shaped tenacity curve for steel No. 3 at 650° C. 


SIEGFRIED : OBSERVATIONS ON CONDUCTING 





1c. 383—Fractured test-bar of steel No. 3 with a time 
to fracture of 55 hr. at 650° C. 





Fic. 34—Fractured test-bar of steel No. 3 with a time 
to fracture of 2567 hr. at 650° C. 





Fic. 35—Fractured test-bar of steel No. 3 with a time 
to fracture of 150 hr. at 650° C. 


with the bar of 109 hr., and that the deformation 
capacity has been considerably improved. A 
similar difference can be observed in the specimens 
with testing times of 624 and 659 hr. The bar of 
624 hr. had a sharp notch, while that of 659 hr. had 
a round notch of 1-5 mm. radius. The depths of 
the notches in the two bars were equal. In both 
cases a relatively big drop in the deformation 
capacity for the notched bar is apparent. While 
the round notch led to an increase in the true 
stress at the moment of fracture as compared with 
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the smooth bar, this was no longer so in the 
specimen tested for 624 hr. Equally marked is 
the distinction between the notched bars for 
times of 2360 hr. and 1564 hr. The first bar had 
a sharp notch of relatively small depth in which 
the stress concentration at the notch root reached 
a@ maximum value, while the second had a round 
notch of 3 mm. radius and great depth. It is 
strange that in the second case, where the stress 
concentration is relatively small, a drop in the 
true stress could nevertheless be observed. This 
is to be ascribed to the fact that in this part of 
the S-curve the material is probably very sensitive 
to radial stresses, which results in a reduction of 
the resistance to separation. 

Figures 33 and 34 are photographs of test-bars 
of this steel, the bar in Fig. 33 having broken after 
55 hr. and thus being on the front portion of the 
S-curve, while that shown in Fig. 34 withstood 
the sustained-load test for 2568 hr. Again it is 
visible how the increase in neck formation is 
accompanied by a general intercrystalline loosen- 
ing of the structure. Figure 35 shows the test-bar 
of 150 hr. The large number of cracks which 
formed before the commencement of the fracture 
are here conspicuous. 


(d) Steel No. 4 

The sustained-load test values for this alloy 
are plotted in Fig. 36, and the relation of the 
true stress to the contraction figures in Fig. 37, 
in which there is again an S-shaped curve. 
For the values at 650° C. there are unfortunately 
too few test points to enable further data to be 
given. It is interesting, however, to note the 
great difference in this alloy between the elonga- 
tion figures at 700° and those at 650° C. 


(e) Steel No. 5 2 

In Fig. 38 the sustained-load curve is plotted 
for smooth and notched bars, while Fig. 39 shows 
the curves for true stress against reduction in 
area. A striking point in this alloy is the very 
pronounced drop in the figures for the notched 


bars, and if these are compared with steel No. 2, 
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Fic. 36—Sustained-load curve for steel No. 4 at 700°C. 
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Fic. 37—S-shaped tenacity curve for steel No. 4 
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Fic. 38—Sustained-load curve for steel No. 5 at 700° C. 


for instance, the notch sensitivity is seen to be 
much greater in steel No. 5. 


(f) Steel No. 6 


The sustained-load curve for this steel is already 
given in Fig. 14. Figure 40 shows the curve for 
the relationship of the true stress to the reduction 
in area. Unfortunately, sustained-load tests with 
short loading periods are lacking for this steel, so 
that it cannot be decided whether the curve is 
here once more S-shaped. This steel has already 
been mentioned in the discussion of grain. 
boundary brittleness and stability of structure, 
where it was seen that the austenite slowly 
decomposes to ferrite at the grain boundaries, 
with the result that great grain-boundary brittle- 
ness presents itself. This is also confirmed by the 
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Fic. 40—Tenacity curve for steel No. 6 at 600° C. 


course of the curve in Fig. 40. The increasing 
influence of grain-boundary strength is explained 
by the rapidly diminishing contraction at long 
testing times. 


IV—CoNCLUSIONS AND GUIDING PRINCIPLES FOR 
THE CHOICE oF HicgHty HeEat-RESISTANT 
STEELS FOR ENGINEERING APPLICATIONS 


The facts so far set forth give some idea how 
intricate and complex the whole domain is, and 
it is consequently very difficult at the present 
state of knowledge to draw up any generally valid 
rules. The main problems which face engineers 
and which here have to be taken into account are 
the following : 

(1) The determination of the ultimate strength 
of materials which are to be in service at high 
temperatures for about 100,000 hr. 

(2) The choice of a material in which the 
influence of notches and multi-dimensional 
stresses does not lead to excessive weakening. 


(1) Determination of Ultimate Strength after Long 
Periods 
On the basis of the foregoing statements the 
following conclusions can be drawn on the choice 
of materials for gas-turbine construction. 


Extrapolation over long periods is best done 
by the method generally employed, for instance, 
in America, i.e., by carrying out sustained-load 
tests to fracture and by following up the most 
important physical magnitudes by measurements 
made during the testing period, so as to obtain 
an idea of the stability of the structure. It has 
proved that the following factors permit of 
important conclusions on the structural stability, 


(a) Of great importance is the determination of 
reduction in area and elongation in the sustained- 
load test. It has been shown that conclusions as 
to notch sensitivity can be drawn only when the 
true-stress/contraction curves are known. These 
curves are S-shaped for metals of many different 
kinds, and by resorting to them it is possible to 
obtain much useful data from tests with notched 
bars. It is necessary for this purpose to determine 
not only the reduction in area, but also the total 
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elongation, as from these figures can be calculated 
the proportional elongation, which also gives a 
certain idea of the qualities of the steel in question. 
The form of the curves for the true stress as a 
function of reduction in area also reveals whether 
the material being dealt with has weak grain 
boundaries or not. 


(6) Determination of tensile strength, yield 
point, and reduction in area at fracture at room 
temperature of the specimens broken in the 
sustained-load test. 


(c) Determination of the notch tenacity* on 
specially developed small specimens, which can 
also be taken from the fractured bars.1® 

(d) Study of the metallographic structure as 
a function of time. For evaluation purposes 
conclusions can be drawn from this as to the 
nature of the fracture, though such investigations 
may be carried out only with due reference to the 
curve of true stress against reduction in area at 
fracture ; otherwise there is a danger, when various 
steels are being compared, to regard one steel as 
being worse than another only because in one 
case a more favourable point of the S-curve had 
been chosen than in the other. 

(e) In 18/8 chromium-nickel type steels the 
investigation of the magnetic saturation enables 
reliable conclusions to be drawn as to the stability 
of the structure and the presence of a sharp drop 
in the sustained-load curve after long periods. 

So far, insufficient progress has been made to 
prescribe maximum or minimum values which 
can be regarded as admissible limits. For instance, 
every steel will show a change in its strength 
qualities and a drop in its notch tenacity* after 
stressing for long periods at high temperatures. 
Yet it cannot be said what changes are permissible 
or not permissible. There is an extremely large 
number of factors which might influence the 
measurements described. The influences of 
these different factors, such as austenite de- 
composition at the grain boundaries, processes of 
separation and crystallization, etc., on the course 
of the sustained-load curve, however, are multi- 
farious and naturally do not act in the same way 
as on the mechanical properties at room tempera- 
ture. If we therefore observe changes in these 
factors in the course of a sustained-load test, we 
must always be able to form an idea of what is 
really involved, and must further evaluate all the 
tests carried out on a uniform and comprehensive 
basis ; only then can the steel in question be 
rightly assessed. To provide simple and definite 
rules for determining the possible applications 
and the permissible practical loading of a given 
highly heat-resistant steel will thus not be possible 
for some time. 





* At room temperature. 
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(2) Influence of Notches and Multi-Dimensional 
Stressing 


To investigate this complex question tests must 
primarily be carried out on notched test-bars as 
well as on whole machine parts. It has been 
shown that in order to evaluate the tests on 
notched bars it is essential to have recourse to the 
S-shaped true-stress/contraction curve, as other- 
wise it is absolutely impossible to draw any 
practical conclusions about the notch sensitivity 
of a given steel. Yet if the test points obtained 
with notched bars are regarded against the back- 
ground of the true-stress/contraction diagram, it 
is at once possible to deduce certain important 
facts. By comparing the individual curves of the 
different steels and determining the influence of 
a certain notch on the change in strength in 
relation to the smooth bar, it can be established 
quite definitely which steel is to be regarded as 
more sensitive and which as less sensitive to 
notching. Further, when the tests on notched 
specimens are evaluated by the method developed, 
it is possible to draw conclusions as to the influence 
of multi-dimensional stressing. At the present 
moment, owing to too few test results being 
available, it is not possible to go further, but 
tests are in hand with smooth and notched 
bars and it is hoped with time to be able to give 
more positive information on them. The tests 
have also shown that, as in the tensile test at 
room temperature, important deductions can be 
made as to notch sensitivity from the form of the 
fracture, 7.e., by measurements made on the 
broken specimen. Thus the experimental deter- 
mination of proportional elongation and reduction 
in area, though not made in an entirely correct 
manner, revealed important relationships which 
of course cannot be fully evaluated in a quantita- 
tive sense at present. 

An important magnitude for gas-turbine con- 
struction for high-temperature service is also 
that of extension. It is fixed primarily by the 
designing requirements that during service the 
turbine blades should not scrape on the casing. 
A somewhat large initial extension can in this 
case be tolerated, as after the first trial run the 
edges of the turbine blades can be machined down 
somewhat. In subsequent service, however, all 
danger of such an occurrence must naturally be 
precluded. For stationary turbines a secondary 
creep extension of 0-1% in 100,000 hr. should be 
permissible. 

The view has been expressed that tests to 
fracture will not prove to be of absolute import- 
ance and that elongation measurements over 
certain short periods may be capable of providing 
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information as to the limits of usefulness of a 
highly heat-resistant steel. The preceding para- 
graphs, however, furnish sufficient proof that other 
qualities, which cannot by any means be deter- 
mined by such measurements, are also essential 
for designing purposes. One feature which will 
never be ascertained in this way is the tendency 
to brittleness. Similarly, structural changes, which 
may take place very slowly in the course of time, 
cannot be established by extension tests of limited 
duration. If some specially thought-out test for 
determining the load for the extension limit of 
0-1% in 100,000 hr. were successful, it would 
be approximately the same as if in a metal 
subjected to stress at room temperature only the 
yield point was known, there being no. data on 
ultimate strength, elongation at fracture, notch 
tenacity, etc. Experience in engineering has 
shown, however, that these figures are indis- 
pensable for the reliable dimensioning of machine 
parts, and at high temperatures it will prove 
important in an even higher degree that not only 
the extension but also the strength and deforma- 
tion figures of the fractured specimens should be 
known. 
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Hydrogen and Transformation Characteristics 


in Steel 


By Professor J. H. Andrew, D.Sc.,+ H. Lee, B.Eng., Ph.D.,t H. K. Lloyd, B.Sc.* 


and N. Stephenson, B.Met.* 


SYNOPSIS 


A comprehensive study of the evolution of hydrogen from steel has been carried out, 
and results obtained for 22 different steels, hydrogen-soaked and cooled in vacuum under 
identical conditions, are reported. It is shown that in all cases relations between hydrogen 
evolution and transformation characteristics are marked and that there is a pronounced 
increase in the rate of evolution corresponding to the gamma-alpha change. The manner 
in which hydrogen is evolved from a steel is shown to be closely linked with the mode of 
transformation, but such a correlation does not necessarily determine the amount of hydrogen 
retained after cooling. 

The effect of alloying elements upon hydrogen evolution from steel is discussed, and it 
is deduced that hydrogen diffusivity in the alpha range may vary with the composition and 
treatment. It was found that when nascent hydrogen was generated by electrolytic action on 
the surface of a steel specimen, both the rate of diffusion and the solubility at room tempera- 
ture depended upon the structure of the steel. 

Experiments on the removal of hydrogen from steel under isothermal conditions, as out- 
lined in a previous paper, have been continued, and the results confirm the conclusion 
that the optimum temperature of hydrogen removal corresponded with a rapid trans- 
formation. Crack formation in isothermally treated specimens has been discussed, and 
certain anomalous results of crack formation previously observed for plain carbon and 
nickel steels are explained in terms of the effect of structure wpon hydrogen diffusivity and 
solubility at room temperature. 

In the presence of hydrogen, the transformation of a 3% chromium steel under 
isothermal conditions was slightly slower at 700° C., otherwise hydrogen was found to 
have no retarding effect wpon isothermal transformation. The nature of the isothermal- 
transformation product has been studied, and it is shown that with a 3% chromium steel 
containing 0-2°% of carbon, 480° C. was found to be the critical temperature dividing the 
formation of chromium carbide (Cr,C,) and cementite (Fe,C). Isothermal-transformation 
diagrams based upon dilatometric measurements are given for the chromium steel as well 
as for a 34% nickel steel. 

Hydrogen embrittlement was found to vary with the thermal treatment of steel, and it 
is shown that with a 3°, chromium steel the presence of hydrogen to the extent of 3.c.c./100 g. 
may or may not cause an embrittling effect, according to treatments given, and the elongation 
and reduction of area are affected differently by hydrogen. It was also found that the 
distribution of hydrogen in a tensile test-piece had a marked effect upon its mechanical 
properties. 

It is considered that hydrogen embrittlement and hair-line cracks are closely associated 
with each other, and that hydrogen diffusivity and solubility are the controlling factors 
for both. The view previously expressed to explain hair-line-crack formation has been 
modified, in that the sudden evolution of hydrogen at the crack formation does not necessarily 
involve the breakdown of a hydrogen-rich constituent. Whilst hydrogen is the fundamental 
cause of hair-line cracks, stresses are important in that they may affect the diffusivity and 
solubility of hydrogen. Unless results of hydrogen diffusivity and solubility in steel for 
various conditions are available and the effect of structure and: stresses upon them is 
thoroughly understood, controversies regarding the cause and mechanism of hair-line-crack 
formation cannot be settled. 





* Received 13th March, 1947. + University of Sheffield. 
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HYDROGEN AND TRANSFORMATION CHARACTERISTICS IN STEEL 


INTRODUCTION 


N a previous paper! concerned with the removal 
] of hydrogen from steel under isothermal con- 
ditions, experiments were carried out within 
limited lengths of time of treatment at different 
temperatures. Owing to this limitation, it was not 
possible to correlate in any certain manner the 
relation between hydrogen removal and trans- 
formation characteristics, although the results 
obtained justified the general conclusion that the 
removal of hydrogen from steel was very closely 
associated with the thermal transformations. 

The work to be described was undertaken 
primarily with a view to determining the relation 
between transformation characteristics and the 
evolution of hydrogen. In approaching the 
problem the following factors had to be taken into 
account : 

(1) It was essential that a large variety of 
steels should be included in the investigations ; 
if isothermal treatment was adopted the work 
might prove to be a prolonged and somewhat 
tedious proposition. 

(2) Isothermal treatment might not be found 
to be suitable in view of the possibility that the 
transformation of some of the alloy steels did 
not proceed to completion under isothermal 
conditions, particularly within the intermediate 
temperature range. 

(3) From the industrial point of view, con- 
ditions are not always favourable to isothermal 
treatment, and the normal and more convenient 
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procedure might be that of a straightforward 

cooling. 

After consideration of the above factors, it was 
decided that a detailed investigation of the manner 
in which hydrogen is evolved from a hot mass of 
steel during cooling would be most desirable. At 
the same time, the importance of the nature of 
the various transformations, particularly the 
intermediate transformations in low-alloy steels, 
was realized. Work in this direction was carried 
out not merely from the point of view of the 
correlation of transformation characteristics with 
hydrogen removal, but in addition with respect 
to the bearing upon hair-line-crack formation. 
The effect of hydrogen upon the transformation 
has been studied, and particular reference has been 
made to the properties of transformation products 
in steel with or without the presence of hydrogen. 

A number of commercial steels have been 
employed in this work, and their compositions 
are given in Table I. 


THE EvoLuTION oF HYDROGEN FROM STEEL 
DURING COOLING 

Attempts had already been made! to weld a 
small tube on to a large specimen and observe 
the amount of gas collected in the tube. Only a 
fraction of the gas was collected, and there was 
always the risk of some of the gas diffusing through 
the thin tube, especially at a higher temperature. 
Although thermal curves were taken, the tempera- 
ture indicated by the thermocouple was not 
representative of the specimen, and this rendered 











Ste C, % Si, % Mn, % P, % 8, % Ni, % Cr, % Mo, % v,% 
AS | 0-31 0-19 0-97 0-020 0-010 26-04 ba va 
HD 0-24 0-24 0-52 0-019 0-020 0-22 3°35 0-54 
CR4 0-51 0-20 0-38 0-014 0-013 0-06 2-96 7 
NCM 0-36 0-70 0-35 nee oan 2°85 1-35 0-43 
B ie? 0-35 =| 0-50 3°33 0-034 0-028 0-24 0-07 
CR5 0-20 0°17 0-25 0-011 0-012 0-06 3-02 
S69 0-44 0-30 0:68 0-010 0-007 3-46 0-23 
CR1 1-00 0-25 | 0-36 0-014 0-011 0-29 1-25 ve 
V30 0-27 | 0-23 0-63 0-015 0-016 2°57 0-64 0-61 
CR6 0-99 0-18 0-34 0-009 0-012 0-04 0-99 
N23 0-30 | 0-16 0-45 0-019 0-030 3°42 0-64 
MM 0-36 0-23 1-54 0-012 0-027 0:33 0-08 0-30 
J3 0-38 | 0-81 0-61 | 0-030 0-034 0-09 0-25 
N22 0-36 0-31 0-56 0-013 0-013 3°28 0-16 
CR2 0-46 | 0-29 0-87 0-028 0-030 0-18 1-00 
| Jl | 0-35 0-35 1-43 0-024 0-034 0-24 0-07 ie 
i pi 0:08 | 0-32 0-20 ren oa 3-25 1-30 0-30 a 
| NV 0:46 | 0-23 0-67 0-027 0-030 2-35 0-18 0-14 0-12 
K6 0-61 0-28 0-73 0-032 0-047 0-19 0-04 
J4 0-38 | 0°33 0-74 0-165 0-037 0-14 0-04 
CR3 0-16 | 0:27 0-47 0-011 0-011 0:22 0-97 
N33 0-15 | 0:27 0-44 0-015 0-018 3-11 0-10 
N31 | 1-01 0-32 0-42 0-019 0-010 : 1-34 
N21 0:33 0:29 0-54 0-012 0-018 3-28 0-08 
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it difficult to correlate the hydrogen evolution and 
the transformation characteristics of the steel. 
With this in view, a vacuum dilatometer 
incorporated with an oil manometer was con- 
structed so that dilatation, thermal, and gas- 
evolution curves could be taken on the same 
specimen either during cooling or heating. The 
arrangement is shown diagrammatically in Fig. 1, 
which is relatively simple and calls for little 
explanation. It will be seen that silica rods were 
fitted through a short barrel of ‘‘ tombac ” which 
allowed the dilatation of the specimen to be 
transmitted to a Mercer dial gauge reading to 
0-0001 in. It was found that faulty temperature 
measurements were obtained in vacuum if the 
thermocouple was not in good contact with the 
specimen ; this difficulty was, however, overcome 
by a simple compression-spring device which was 
fastened to the sheath of the thermocouple and 
at the same time attached to the silica trans- 
mitting rod. The dilatometer furnace was made 
of two hinged halves which could be opened to 
accelerate the rate of cooling of the specimen. 
For all experiments, standard specimens of 2 in. 
long X 1? in. dia. were used ; a small hole # in. 
deep x } in. dia. was drilled at one end to take 
the thermocouple. The specimens were soaked 
in hydrogen at 1100°C. in a separate furnace ; 
after 24 hr. they were quickly transferred whilst 
hot to the dilatometer furnace, which was con- 
trolled at 850°C. The specimen was introduced 
through one end of the tube, the thermocouple 
inserted, and the end joint closed. All these 
operations took less than 3 min. The dilatometer 
tube was then evacuated for about 8-10 min., 
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and when the McLeod gauge indicated that the 
pressure inside the tube was less than 0-1 mm., 
the system was isolated and the furnace switched 
off and opened to allow the specimen to cool. 
Inverse-rate and dilatation curves were taken in 
the usual way, and at the same time the change of 
pressure on the oil manometer was noted. A 
sample of gas was collected for analysis when 
the specimen had cooled to room temperature. 

Although it was found that the specimen 
showed a thin layer of surface oxide—which was 
inevitable, in view of the fact that it had to be 
transferred in air whilst hot—the gas collected 
in the dilatation tube during cooling was sur- 
prisingly pure and in the majority of cases 
contained more than 90% of hydrogen. It may 
be pointed out that under the experimental 
conditions the rate of cooling was such that 
specimens inside the tube remained for no more 
than 10 or 12 min. above 600°C. when cooled 
from 850°C. The bulk of the gas was evolved 
at temperatures lower than those in which 
hydrogen and oxygen or carbon react with each 
other. 

After cooling, the specimen was freed from 
surface oxides and reheated in the same furnace 
to extract the remaining gas. This, when added 
to the amount collected during cooling, gave the 
total hydrogen content of the specimen and 
enabled the ratio between the amount of hydrogen 
evolved on cooling and the total hydrogen content 
to be estimated. 

In all, 22 steels have been investigated in this 
manner. The results are summarized in Table II, 
the order of arrangement being according to the 
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c¢ Thermocouple 


d ** Tombac "’, bellows 
e Dial gauge - 
Jf Water-cooling ‘coils 


Fic. 1—Vacuum dilatometer and gas-evolution apparatus 
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proportion of hydrogen evolved during cooling to 
that of the total hydrogen content of the specimen. 

The standard procedure was to cool the speci- 
men in the evacuated dilatometer tube with the 
furnace case kept open, and, under this condition, 
the time taken for the specimen to cool from 
850° C. to 100° C. was about 2 hr. In an attempt 
to study the effect of the rate of cooling, a speci- 
men, J2, was placed in the same dilatometer tube 
but cooled with the furnace closed. In this case 
some 54 to 6 hr. elapsed before the specimen had 
reached 100°C. when cooled from 850°C. The 
results of this single experiment are included in 
Table II as J2 (a). 

It will be seen from Table IT that the hydrogen 
content of the gas evolved on cooling was generally 
high, with the exception of the austenitic steel, 
AS. The gas collected from AS during cooling 
contained only 72.5%, of hydrogen, the balance 
being mainly carbon monoxide. It should be 
pointed out that in this particular case not only 
was the amount of gas collected small, and there- 
fore the diluting effect due to carbon monoxide 
large, but the evolution was confined to higher 
temperatures, at which the reaction between 
oxides and carbon or hydrogen was rapid. Under 
such conditions, any possible loss of hydrogen 
resulting from the formation of water vapour 


TaBLE I]—Summarization of Results of Hydrogen 


Evolution 
Hydrogen, c.c./100 g. 
Hydrogen Percentage 
ne of Total 
Stoo! Gas Hydroge 
Steel volved | Evolved | Evolved Total Evolved. 
during during on Content during 
Cooling, % Cooling Reheating . Cooling 
| AS 72-5 0-41 3-02 3°43 11l+s 
| HD 95-0 1-74 5-01 6°75 25-8 
| CR4 92-0 2-19 4-18 6°37 34-4 
NCM 86-2 1-43 2-50 3-93 36-4 
J2 91-4 2-05 3°54 5°59 36°7 
| CRS 91-0 2-64 4-23 6-87 38-4 
| S69 91-2 3-08 3-84 6-92 44-5 
| Chl 93-7 3°85 3-91 7:76 49-6 
V30 92-2 3:61 2-79 6-40 56-4 
CRb6 94-7 3-49 2-65 6-14 56-8 
| N2: 94-7 3-92 2-95 6°87 57:1 
| MM | 95-0 4-52 3°34 7:86 57-5 
| J3 93-0 4:0] 2-55 6-56 | 61:1 
| N22 94-2 3-02 1-80 4-82 62-6 
| CR2 96-0 ote 2-19 5:92 63-0 
A 92-5 4°38 1-97 6°35 69-0 
|} DI O11 | 3-60 1-55 5°15 69-9 | 
| NI 94-0 3-94 1-63 5°57 70-7 | 
| K6 94-9 4°13 1-65 5-78 71-5 
| J4 | 93-1 | 4-93 1-61 6-54 75-4 
CR3 | 95:6 | 4-93 1°37 6°30 78-3 
N33 | 96°5 | 4-68 1-29 5-97 | 78-4 
J2(a)*| 89-1 | 2°34 | 3-33 5°67 | 41-3 





* Steel J2 slowly cooled in closed furnace. 
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would be larger in proportion than if the bulk of 
the hydrogen was evolved at lower temperatures. 

With the exception of the austenitic steel, AS, 
and the nickel-chromium—molybdenum steel, 
NCM, the total hydrogen content of all the speci- 
mens shown in Table II lies between 4-8 and 8 
c.c./100 g., which is very similar to the hydrogen 
content of most steel ingots in industry. Since the 
steel AS belongs to an entirely different class, the 
time of soaking and the temperature and time of 
extraction might not have been sufficient to 
introduce and finally to extract the equivalent 
amount. The relatively low hydrogen content of 
the steel NCM calls for comment. It was found 
that, on sectioning, the specimen showed un 
soundness in the form of a continuous crack or 
streak along its longitudinal axis ; this reduces 
the “effective dimensions” of the specimen and 
must account for the low hydrogen content 
observed. Otherwise, the fact that, in two separate 
experiments, specimens of steel J2 cooled under 
different rates gave hydrogen contents of 5-59 
and 5-67 c.c./100 g., respectively, shows the 
reproducibility of experimental conditions. 

By taking the difference in pressure between 
each successive temperature interval, AP/A§, and 
dividing this by the successive difference of time 
between each temperature interval as recorded by 
a thermocouple, Aft AO, we arrive at a value for 
AP/At which gives the average change in pressure 
per unit time. 

By calibrating the vacuum system with various 
but known quantities of gas, and measuring in the 
usual manner the change of pressure on the oil 
manometer during cooling or heating, it was 
possible to calculate from experimental readings 
the actual amount of gas given off at any time 
and at any given temperature. This eliminates 
any effect which may arise from the expansion or 
contraction of the gas owing to change of tempera- 
ture, and allows the average rate of evolution for 
each temperature to be put on a quantitative 
basis as cubic centimetres per 100 g. of metal at 
ase 

The curves obtained for the steels listed in 
Table II are shown in Figs. 2 to 24, graphs for 
each steel showing the rate of hydrogen evolution 
and thermal and dilatation curves being plotted 
side by side so that they may be correlated. The 
gas-evolution curves for different steels cannot 
be directly compared, because the total hydrogen 
contents are not the same. To provide an approxi- 
mate basis for comparison, calculations were made 
on the basis of simple proportion, to adjust them 
to a common value of initial hydrogen content of 
6-0 c.c./100 g., and these curves are shown in 
Figs. 2 to 24 as broken lines. In Figs. 11, 16, and 
23, the broken line coincides with the full line 
because the actual hydrogen content of the 
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specimens in question was very nearly 6-0c.c./100g. 

It will be seen in Fig. 2 that the austenitic steel, 
AS, showed no discontinuity in the rate of hydro- 
gen evolution or on the thermal and dilatation 
curves ; the rate of evolution decreased directly 
with the temperature, and was almost nil below 
400° C. 

Similarly, other steels showed that, both in the 
gamma and in the alpha state, the rate of hydro- 
gen evolution became less as the temperature was 
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lowered. At the gamma-alpha transformation, 
however, the rate increases, and it generally 
reaches a maximum corresponding almost exactly 
with the completion of the change, as indicated by 
the thermal and dilatation curves. 

The shape of the evolution curve depends 
entirely upon the mode of transformation. When 
the gamma-alpha transformation was abrupt, as 
in the case of steels CR1, CR6, J3, CR2, J1, K6, 
and J4, it will be seen from Figs. 9, 11, 14, 16, 
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Fics. 2 to 9—Gas evolution and transformation characteristics of steels on continuous cooling 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


JUNE, 1947 








Temperature - % 


Shs re 


Perature 
a 


Tem, 
fies 


° 
Temperature Ge 














HYDROGEN AND TRANSFORMATION CHARACTERISTICS IN STEEL 


17, 20, and 21, respectively, that the sharp rise 
in evolution at the change-point was clear-cut 
and the discontinuity between the different rates 
of evolution associated with that of austenite and 
the transformed product was very pronounced. 
On the other hand, if the transformation was 
sluggish, the rate of evolution at the gamma—alpha 
change increased only gradually, and the peak 
was reached only when the transformation was 
nearly completed. This applies to all steels, 
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whether their thermal curves showed a single or 
a double change, with the exception of N33 and 
J2. 

As shown in Fig. 23, the cooling curve of N33 
showed two distinguishable change-points, but 
the maximum rate of hydrogen evolution was 
reached at the end of the first change, Ar,, and 
approximately the same rate of evolution was 
maintained for more than 100° C., and persisted 
until the lower change was completed. 
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In the case of J2, two separate thermal and 
dilatometric changes were observed during cooling, 
whether the specimen was cooled slowly or 
quickly. Thus, Figs. 6 and 24 show that the upper 
change occurred at about 350-400° C., and the 
lower one corresponded with a martensitic trans- 
formation in the neighbourhood of 200°C. The 
maximum rate of evolution coincided with the 
end of the upper change, and although the lower 
transformation, as can be seen from the thermal 
and dilatation curves in Figs. 6 and 24, was 
equally as pronounced as the upper one, it was 
hardly evident in the rate of hydrogen evolution. 

For the 33% manganese steel, J2 (Fig. 6 (cooled 
quickly) and Fig. 24 (cooled slowly)), there was 
no appreciable difference in the rate of hydrogen 
evolution between slowly and quickly cooled 
specimens above 600° C. Below this temperature, 
hydrogen evolution from the slowly cooled speci- 
men occurred at a reduced rate. Since the bulk 
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of the gas was evolved at temperatures where the 
transformation occurred, it accounts for the fact 
that although the total time taken for one 
specimen to cool from 850° C. to 100° C. was some 
24 to 3 times that required for the other, the 
difference in the amount of hydrogen evolved 
during cooling was quite small, 2-34 c.c./100 g., 
as compared with 2-05 c.c./100 g., which corre- 
sponds to 41-3 and 36-7% of the total hydrogen 
content of the specimens, respectively (see 
Table II). A summary of some of the salient 
features shown in Figs. 2 to 24 are given in 
Table III. 

It will be seen from Table III that although 
steels which undergo transformation at higher 
temperatures would normally be expected to 
evolve more hydrogen during cooling, in some 
eases this is not so. In CR1, CR6, J3, and CR2, 
the transformation took place at or above 600° C. 
and the nature of the change was abrupt, but the 


Fics. 18 to 23——Gas-evolution and transformation characteristics of steels on continuous cooling 
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amount of gas evolved during cooling was less 
than for D1, which transformed at a lower 
temperature, and the gamma-alpha change was 
rather sluggish. Similarly, CR4, HD, and J2, 
commenced their transformation at about the 
same temperature, and although CR4 and HD 
completed their gamma-—alpha change some 150° C. 
above that of J2, both CR4 and HD retained. if 
anything, slightly more hydrogen after cooling to 
room temperature. It is thus clear that neither the 
temperature nor the mode of transformation 
forms the criterion in determining the retention 
of hydrogen in steel. 


EFFECT OF ALLOYING ELEMENTS ON THE 
RETENTION OF HyDROGEN IN STEEL 

With the results available, attempts were made 
to assess the effect of some of the alloying elements 
on the retention of hydrogen in steel. To facilitate 
comparisons, classifications were made for steels 
of different alloy contents, and these are listed 
in Table IV. 

It will be seen from Table IV that the presence 
of carbon in steel definitely retards the evolution 
of hydrogen during cooling. This is especially 
marked in nickel-chromium—molybdenum steels, 
and to a less extent in nickel steels. With the 3° 
chromium steel, an increase of carbon content 
from 0-2% to 0-5% only slightly reduced the 
amount of hydrogen evolved during cooling, 





800} ne 
} ia Dilatation 
o 60C - Thermo/ — core 
e ~™| fo Gas - evolution — curve 
> +/ curves \ 
S le) I 
§ 400} 
Qa 
£ t 
nd ‘ 
200'-, 
| 0 200 400 600 
‘a, Seana tele Sey xi ET " i aie xs 
O's 1-0 . at 200 /SO woo = SO 
YY . cfsec 00g. « om 19 Oilatometer, /O ~ in 
Fic. 24—Gas-evolution and transformation character- 


isties of steel J2a (slowly cooled) 


although the effect was somewhat greater in steels 
of lower chromium content. 

Similarly, the presence of chromium, manga- 
nese, and molybdenum in steel all contribute to 
the retention of hydrogen. In general, the effect 
of manganese was somewhat smaller than that 
of chromium for an equivalent amount, although 
manganese in steel depresses the gamma-alpha 
transformation to a greater extent than chromium. 
It is also clear from Table IV that the presence 
of molybdenum in steel up to the normal amount 
of 0-5% definitely reduces the rate of hydrogen 
evolution. 

Data are not available for the effect of nickel 
to be stated, but results obtained on V33 showed 
that, in the absence of sufficient carbon, the effect 














TaBLe III—Salient Features Relating Hydrogen Evolution and Transformation Characteristics of Steels 
Transformation Range, ° C. ‘i eatl ce Peaks aukciten pescenanee of 
Steel Type of Steel | aoacy Cas on Thermal Evolution gen Evolved 
| Commencing Ending Curve, °C. Curve, " ©. on Cooling 
| 
AS 26% Ni, austenitic ... ne Had nae : 11°8 
HD 3% Cr-Mo, 0-24% C 550 310 445 350 25-8 
CR4 3% Cr, 0-5% Ci... a 540 295 405 325 34-4 
NCM | 3-14-4% Ni-Cr-Mo, 0-36% C 530 290 400 350 36°4 
J2 34% Mn, 0:35% C... 520 135 360, 230 350 36°7 
CR5 3% Cr, 0°2% C ae 540 330 495, 375 365 38-4 
S69 34% Ni, 0-44% C 520 365 475 405 44°5 
CR1 14% Cr, 1% C ne cae 655 625 645 625 49°6 
V30 24-3-4%, Ni-Cr—Mo, 0-27% C 560 330 470 385 56°4 
CR6 LY, Cr, 195 C a 685 635 675 665 56:8 
N23 33-14% Ni-Cr,0°3%C _.. 590 335 520, 415 375 57°1 
MM 14-0-3% Mn-Mo, 0-36% C 550 =| 895 520, 445 405 57°5 
J3 0:8% Si, 0-38% C... 740 625 675 665 61:1 
N22 34% Ni, 0-36% C 600 365 490, 430 385 62-6 
CR2 1% Cr, 0-46%C .. 635 590 600 590 63-0 
J1 14% Mn, 0-°35% C... Ae ae 675 575 625 605 69-0 
D1 3}-14-0-3%, Ni-Cr—Mo, 0-08% C 635 450 545 460 69-9 
NV 24% Ni, 0°12% V, 0-46% C 580 405 510, 460 415 70-7 
K6 0-6% C (tyre steel)... siete 665 635 655 635 71-5 
J4 | 0-17% P, 0-38% C 710 615 665 655 75-4 
CR3 1% Cr, 0-16% C 750 | 600 655 635 78:2 
N33 3% Ni, 0°15% C 665 | 415 590, 450 | 560-450 78-4 
J2(a)* oe ee 540 160 395, 205 340 41-3 








* Steel J2 slowly cooled in closed furnace 
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of nickel alone upon the retention of hydrogen in 
low-alloy steels is relatively small. 

Strictly speaking, the effect of vanadium upon 
hydrogen evolution cannot be assessed by com- 
parison of results obtained with NV and N22, 
since the carbon and nickel contents of these two 
steels are not the same. It has been shown, 
however, that the effect of nickel in this respect 
is small, and although carbon contributes to the 
retention of hydrogen in steel to a greater extent 
than other alloying elements, the fact that NV 
contains more carbon than N22 and yet evolved 
considerably more hydrogen during cooling indi- 


cates that vanadium increases the rate of hydrogen 
evolution. 

From the results obtained with K6, J3, and 
J4, it would appear that the presence of phos- 
phorus in steel has no appreciable effect, whereas 
silicon definitely reduces the rate of hydrogen 
evolution. 

It may be said that the effect of various alloying 
elements upon the retention of hydrogen in steel 
during cooling is to be attributed mainly to the 
lowering of the gamma-alpha transformation. 
Since the rate of hydrogen diffusion in austenite 
is smaller than in alpha iron, it is to be expected 


TABLE IV—Effect of Alloying Elements on the Retention of Hydrogen in Steel after Cooling 








| Total Hydrogen 


Percentage of Content of 


| Peak 
Peak or Peaks on [Peak on E volution Total Hydrogen 











| Steel Type of Steel | “——o Thermal Curve, Curve, °C. Evolved on vag Ev olution ”’ 
| Cc. Cooling Specimen, 
| | | 6 | — @.¢./100 g. 
—EEE ———$$_—___ —— —_ ; / —— 
Effect of Carbon 
CR3 | 0°16% C | 750-600 655 635 78°2 6-30 
, | | 
CR2 1% Cr, 0-46% C 635-590 600 590 | 63-0 | 5-92 
CRE |} 0-99% C | 685-635 675 665 56:8 | 6-14 
| | | 
CR5 3%/ Cr { Uy A One .--| 540-330 , 495, 375 365 38-4 | 6-87 
CR4 ae t, 0°55, 33. eee] 540-295 405 325 ‘34-4 | 6°37 
| N33 30/ Nj 0°15% C | 665-415 590, 450 560-450 78:4 | 5-97 
| SARE | ee 1, 00-36% C 600-365 490, 430 385 62-6 4-82 
| | 
5 
| Dl | 3% Ni- 0-08% C .--| 635-450 545 460 69-9 5°15 
| NCM | Cr -Mo, \ 0°36% C ..| 6530-290 400 350 36-4 3-92 
| | 
| Effect of Chromium | 
CR3 0-29 C 1% Cr | 750-600 655 635 78-2 6-30 
Gao | ~~? 3% Cr 540-330 495, 375 365 38-4 | 6°87 
CR2 | 4. 5% C, o% oa see ...{ 635-590 600 590 63-0 5-92 
CR4 3ép ine ...| 540-295 405 325 34-4 6-37 
| | | | | 
CR6 1%. C 12 ad 07 685-635 675 665 56-8 | 6-14 
CRI fo Us ACr | 655-625 645 | 625 49-6 | 17-76 
| | 
| Effect of Manganese 
J1 0-35% C, -5% Mn | 675-575 625 605 69-0 6°35 | 
| J2 | E :. 5% Mn tn 520-135 360, 230 350 36-7 5-59 
| | Effect of Molybdenum 
Jl | 1-5% Mn, £ 0% Mo ...| 675-575 625 605 69:0 | 6-35 
MM | 0°35% C, (0°3% Mo .--| 550-395 520, 445 405 | 57-5 7°86 
CR5 | 0:2%C ie 4 % Mo = | 540-330 495, 375 365 38-4 6°87 
HD | 30, @ 0-54% Mo ... ..| 550-310 445 350 25-8 6-75 
| | 
| Effect of Vanadium 
N22 0-36% C, 3-28% Ni . ..| 600-365 490, 430 385 62-6 4-82 
NV | 0-46%C, 2- 5% Ni, 0: 12% Vv | §80-405 510, 460 415 70-7 5:57 
| | Effect of Silicon and — 
| 
K6 | 0:6% C ...| 665-635 655 635 71:5 5-78 
J3 | 0: 4% C, 0 8% Si ...| 740-625 675 665 61-1 6-56 
J4 | 0-4% C, 0-179 ev .-| 710-615 665 655 75°4 6-54 | 
| | 
| 
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that steels which transform at a higher tempera- 
ture would, provided that the time taken for 
cooling is the same, evolve more hydrogen. 
Secondly, in view of the respective temperature 
coefficients of diffusion, the lower the temperature 
the smaller is the difference in the rate of diffusion 
between the gamma and the alpha state, and, 
therefore, the less pronounced will be the dis- 
continuity in the rate of evolution at the trans- 
formation. Curves shown in Figs. 2 to 24 indicate 
that, in general, this is true for most steels, but 
in certain cases the amount of hydrogen evolved 
during cooling cannot be correlated with the 
temperature of transformation. 


The fact that silicon reduces the rate of 


hydrogen evolution is contrary to its effect in 
raising the gamma-alpha change of the steel. 
Even the effect of such alloying elements as 
carbon, molybdenum, and chromium upon the 
retention of hydrogen in steel could not be 
entirely attributed to the lowering of the gamma-— 
alpha transformation. For an example, CR2 and 
CR6 are two steels almost identical in composition 
except for carbon, the latter containing about 
twice the amount of the former. Although CR6 
transformed at a temperature some 50° C. higher, 
it evolved less hydrogen than CR2. The same 
remarks may be applied to molybdenum. The 
results obtained for CR5 and HD, in which the 
temperatures of transformation were not very 
different, indicate that HD definitely retains more 
hydrogen than CR5 after cooling. With regard to 
the effect of chromium, it is not possible to make 
direct comparison between the 1% and 3% steels, 
because their transformation characteristics were 
quite different, but CR6 and CR1 showed that an 
increment of }°% of chromium made an appreciable 
difference in the amount of hydrogen evolved, 
although the temperature of the gamma-~alpha 
change was not seriously, affected. 


TREATMENT OF THE EVOLUTION RESULTS 


Amongst the factors which govern the evolution 
of hydrogen from steel, the most important is the 
dimension of the specimen. In the present case, 
specimens of identical shape and size were used, 
and the cooling rate was approximately the same 
insofar as the transformation characteristics of 
the steel permitted. Other important factors are 
(1) the diffusivity, (2) the solubility, and (3) the 
possible formation of any compound containing 
hydrogen. Factors (2) and (3) may both be treated 
as identical in that they influence the “ effective ”’ 
concentration of hydrogen in the specimen. It 
should be added here that the surface conditions 
of the specimens were similar, and the partial 
hydrogen pressure surrounding the specimen 
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during cooling in the dilatometer tube varied 
only within very small limits. Thus, the factors 
which influence the rate of hydrogen evolution 
in the present experiments may be reduced to 
two, viz., the diffusivity and the concentration. 

The broken lines shown in Figs. 2 to 24, which 
were drawn to represent a common initial hydro- 
gen content of 6 ¢.c./100 g. for all steels, are 
merely intended for general comparison ; they 
cannot be taken as being properly corrected for 
concentration. To obtain a true correction, not 
only the varying but also the “ effective ’’ con- 
centration of hydrogen in the specimen at all 
temperatures should be taken into account. If 
this could be carried out, it should be possible to 
bring the evolution curves, at least to a first 
approximation, in line with the temperature 
coefficient of hydrogen diffusion, or, in other 
words, the diffusivity. It was considered that a 
comparison of the diffusivity of hydrogen between 
different steels would be of interest. 

In the present experiments there are many 
factors which operate upon the “effective ”’ 
hydrogen concentration of the specimen. First of 
all, it is clear that the concentration will decrease 
with a falling temperature, and it must also vary 
with the transformation characteristics of the 
steel. To overcome this the amount of hydrogen 
evolved from the specimen at each successive 
temperature was calculated from the correspond- 
ing manometer readings, with the aid of suitable 
calibration curves. By deducting this amount 
from the total hydrogen content of the specimen, 
the average concentration of hydrogen in the 
specimen at each successive temperature was 
obtained. In spite of this, the “ effective ”’ 
concentration responsible for evolution cannot be 
defined without further considerations. 

Although the formation of any hydrogen 
compound in steel can be disregarded in view of 
the relatively small amount of hydrogen known 
to exist in the specimen, and although the partial 
hydrogen pressure surrounding the specimen in 
the present experiments was small, which renders 
the factor of solubility relatively unimportant, 
there is still the question of a limiting value which 
operates upon hydrogen removal from steel in the 
austenitic range, as shown in a previous paper.! 
The value was found to increase with the decrease 
of temperature. The “ effective ’’ concentration 
of hydrogen in the specimen can be determined 
by subtracting the limiting value from the total 
concentrations, provided that the limiting value 
is known. On the other hand, it is considered very 
unlikely that such a limiting value exists for 
hydrogen removal from steel in the alpha state, 
at least in the upper temperature range of, say, 
from 400 to 700° C., as it is well known that the 
hydrogen content of a specimen can be reduced 
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to a very low value by reheating to such tempera- 
tures. In any case, even if such a limiting value 
exists, it could only be very small. Assuming this 
to be correct, it was thought that if the calculated 
values of varying concentration at different 
temperatures could be used to divide the corre- 
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Fics. 25 to 32—Relationship between (a) rate of evolution per unit concentration (1/C7)(dV/dt) and temperature 


sponding values, dV /dt, it might enable us to 
obtain an indication of the hydrogen diffusivity 
in steel in the alpha state over the upper tempera- 
ture range. This was carried out accordingly, and 
curves (shown in Figs. 25a to 46a) were obtained 
in which the evolution curves given in Figs. 2 to 
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(° C.), and (6) log (1/C7)(dV/dt) and the reciprocal of absolute temperature 
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23 were divided by the corresponding concentra- 
tion, Cy, at each successive temperature for each 
specimen. 

By treating the results in this manner, it will be 
seen from Figs. 25a to 46a that, in most cases, the 
evolution characteristics of the steel are brought 
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out more clearly. Thus, as shown in Fig. 46a, the 
peak on the evolution curve of V33 no longer covers 
a wide range of temperatures. Similarly, the two 
maxima of evolution which correspond to the two 
separate transformations of J2, originally shown in 
Fig. 6, can now be seen more clearly in Fig. 29a. 
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Fras. 33 to 40—Relationship between (a) rate of evolution per unit concentration (1/C7)(dV/dt) and temperature 
(°C.), and (b) log (1/C7)(dV /dt) and the reciprocal of absolute temperature 
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It was further considered that, if the values of 
(1/Cy)(dV /dt) are proportional to the diffusivity, 
it should be possible to observe & straight-line 
relationship when values of log (1/Cr)(dV /dt) are 
plotted against the reciprocals of the absolute 
temperature, 1/7’°K. This has been carried out, 
and the corresponding curves are shown in Figs. 
25b to 46b. 

It will be seen that in Fig. 250, results for the 
26% nickel austenitic steel, AS, could almost be 
represented by a straight line. For other steels 
in the austenitic range, as shown in Figs. 26b to 
46b, some curves are obviously not linear, and, 
owing to the relatively short temperature range, 
it could hardly be said that such a relationship 
exists. ‘Apart from the fact that in correcting for 
concentration the limiting value of hydrogen 
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removal could not be assessed and therefore 
has not been taken into account, it should further 
be borne in mind that at higher temperatures such 
that a low-alloy steel will remain austenitic, the 
evolution of hydrogen under the experimental 
conditions is complicated by a simultaneous 
evolution of carbon monoxide. For these reasons, 
curves shown for the austenitic part in Figs. 26) 
to 46b cannot be compared from the point of 
view of hydrogen diffusivity. 

The discontinuity shown in all cases in Figs. 
26b to 46b, corresponding to the transformation 
range, is to be expected. It is interesting to note 
that, after the transformation, all the curves, 
with the exception of four, assume the form of a 
straight line, and this linear relationship is not 
departed from until the temperature is well 
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Fics. 41 to 46—Relationship between (a) rate of evolution per unit concentration (1/C7)(dV/dt) and temperature 
(°C.), and (6) log (1/Cr)(dV/dt) and the reciprocal of absolute temperature 
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below 200°C. The four exceptions are NCM 
(Fig. 28b), J2 (Fig. 296), V30 (Fig. 336), and J4 
(Fig. 44b). Since J2 showed two separate trans- 
formations, and NCM was found to be unsound 
along the central axis of the cylindrical specimen, 
their different behaviour from other steels is 
probably understandable. It is possible that in 
the case of V30 the transformation may not be 
complete, but with J4 the results cannot be 
explained here. 

At lower temperatures, when the steels have 
transformed into the alpha state, the hydrogen 
evolved was generally pure, and the fact that a 
straight-line relationship exists between values 
for log (1/Cr)(dV /dt) and the reciprocals of the 
absolute temperature suggests that the curves 
shown in Figs. 266 to 46b may be related directly 
with the diffusivity of hydrogen for the alpha 
range. The departure from the linear relationship 
below 200° C. may be due to some limiting value 
which might exist for hydrogen removal from 
steels in the alpha state at such low temperatures, 
or it could be an effect of the time of cooling, which 
becomes more prolonged as the specimen ap- 
proaches room temperature. The effect of cooling 
rate will be dealt with later. 

In view of the many uncertain factors involved, 
it is not suggested that the results given in Figs. 
26 to 46 should be taken quantitatively. On 
the other hand, it was thought that a comparison 
of the slopes of the straight-line curves shown in 
Figs. 26b to 46b, which may be taken as related 
to the temperature coefficients of diffusion for the 
different steels in the alpha state, might be 
interesting, and values obtained from these curves 
are given in Table V. 

It will be seen in Table V that when the steels 
are classified into two groups, according to the 
nature of their transformation, there is in each 


group a general tendency for the amount of 


hydrogen evolved during cooling to decrease as the 
slope of the log (1/C7)(dV /dt)/(1/T°K.) curve is 
increased. The exceptions are J3 in the pearlitic 
and 22 in the intermediate group. Also, the 
average slope of the curves representing steels that 
transform in the pearlitic range is smaller than 
that for those undergoing the intermediate trans- 
formation, and in making such a comparison the 
composition of the steel should be taken into 
account, otherwise such generalization may break 
down in individual cases. Similarly, in assessing 
the effect of the alloying elements upon this slope, 
the nature of the transformation of the steel seems 
to be important. Thus, comparing steels V33 and 
N22, or CR5 and CR4, all of which transform in 
the intermediate range, an increase of carbon 
increases the slope. On the other hand, the 
behaviour of CR2 and CR6, whichundergo pearlitic 
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transformation on cooling, show that carbon 
appears to have little effect. 

It is probable that the alloying elements in steel 
may affect hydrogen diffusivity in the alpha state. 
It also seems that, for a given steel, hydrogen 
diffusion in the alpha state may vary with the 
structure. In view of the different slopes of the 
log (1/C7)(dV /dt)/(1/T°K.) curve, two different 


TABLE V—Slopes of log,, (1/Cy)(dV/dt)~1/T°K. 
Curves in the Alpha Range 


Transformation Range, Peak or Percentage | Slope of log 
C, Peaks on of Total (1/¢ T (dV /de 
al : the Hydrogen —1/7'°K. 
Steel Thermal evolved Curve in 
Commenc- Curve, on Alpha 


ing Ending C. Cooling Range 


' 7 U ~ aT ome . ‘ 
(1) Steels Undergoing Pearlitic Transformation 
during Cooling 


CR3 750 600 655 78-2 0-246 
K6 665 635 655 71-5 0-351 
Jl 675 575 625 69-0 0-410 
CR2 630 590 600 63-0 +429 
J3 740 625 675 61-1 0-380 
COR6 685 635 675 56°8 0-430 
CR1| 655 635 645 19-6 | 0-494 


(2) Steels Undergoing Intermediate Transformation 
during Cooling 


N33 | 665 415 | 590,450) 78-4 0-347 
NV | 580 405 510, 460 70-7 0-428 
D1 | 635 450 545 69-9 0-454 
N22 600 365 490, 430 62-6 0-400 
MM 550 395 520, 445 57°5 0-510 
N23 | 590 335 520, 415 57:1 0-500 
S69 520 | 365 475 44°5 0-551 
CR5 540 330 495, 375 38-4 0-750 
CR 540 295 | 405 34-4 0-884 
HD 550 310 445 | 25-8 0-884 


steels may show little difference in diffusivity 
for hydrogen in the alpha range at a high tempera- 
ture, but the difference may be marked at a low 
temperature. Our experience, based upon observa- 
tions of hydrogen evolution from steel at room 
temperature, indicates that, for a given steel and 
with specimens of similar hydrogen content, the 
amount of hydrogen evolved in a given time would 
vary with the previous treatment. For specimens 
of similar treatment and identical hydrogen 
content, the rate of hydrogen evolution at room 
temperature would differ from one steel to another. 


Theoretical Considerations 


In an attempt to find theoretical justifications 
to the treatment of the results, Smithells? showed 
that for radial loss of hydrogen, Fick’s law in the 
form of the following equation will apply : 


1dc ac} dC) ss 
D a ) 4 : — ff neveccccccccecseccecccccccscesees (i) 
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A particular solution of equation (1) was given 
by Euringer® thus : 


. . 2 

q= 2D/r 3S, e- Dat SSK RERESuRES See seReese (2). 

where g =the rate of evolution, for which our notation 
is dV /dt, 

C = the initial concentration of the specimen, 


for which we use Cr to express the vary- 
ing concentrations for various tempera- 


tures, ; 
r = the radius of the specimen, 
t = time, 
D = the diffusivity or the coefficient of diffusion, 
and 
Aa = =a/r where a are the zeros of the Bessel 


function J,(A). 


Equation (2) may be written : 
: —5-8Dt —30-5Dt 75 

d\ 2CD 7," 72 at ] : 
- ( 5 i heft i. . ie: Aes an tT Te seeld 
dt : ‘tae | } 


Within the brackets of equation (3) the series 
converges rapidly, and when the value for Dt 
is given, the terms in the brackets will become a 
definite number. Thus, we may have, for different 
temperatures : , 

1 dV, 2D, 








Gr, at 
_! Vs, 22s, 
Cre dt r : 
Le 2D 
Gr a + ™ 
Provided that D,!, = D,t, = ...... D,t,, so that 
@, = My = 0.2... a,, the relation takes the general 
form : 
1 dV 2D 
op = = - PERG RecuePSAE WESSON EE SOR CN 50k eSckccd send (4), 


which shows that (1/Cr)(dV /dt) is directly pro- 
portional to the diffusivity. 

For unidirectional loss of hydrogen, it can be 
shown from a previous paper? that, assuming there 
is no limiting value : 

1 av _4mD[ Dnt —9Dx*t —25Drt)] 
cn ee pe 


Provided that the product, Di, does not vary 
with the temperature, the series within the 
brackets of equation (5) will approach a given 
number in all cases; thus we may write. for 
different temperatures : ; 

2% dV _4nD, 

Op at = | eee aad (6), 





where L is related to the thickness of the infinite 
plate. 

In the present experiments, dV /dt denotes the 
average rate of hydrogen evolution and therefore 
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must depend to some extent upon the length 
of time at which the specimen remained at each 
temperature. It is clear that when a specimen 
is allowed to cool naturally, the diffusivity for 
hydrogen decreases, whilst the time taken for 
cooling is becoming more and more prolonged. 
The influence of these two opposite effects may 
be illustrated by Fig. 47. Although the D-T 
curve originates at absolute zero whereas the 
cooling curve extends only to room temperature, 
it is possible that, provided that the temperature 
is not too near the room temperature, the product 
of the two curves of the type illustrated in Fig. 47, 
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Fic. 47—Graph illustrating the manner in which cooling 


rate and diffusivity vary with temperature 


which represents the value for Dt, will be similar 
for different temperatures. If this is the case, 
the relation shown in equations (4) or (6) will 
hold true as a first approximation. This explains 
the method adopted in the treatment of the 
evolution results given in Figs. 25 to 46. 


Crack FoRMATION IN EvoLUTION SPECIMENS 


When the “evolution ”’ specimens were sec- 
tioned for the examination of cracks, it was found 
that, with the exception of J2, they showed no 
cracks. For J2, the experiments were repeated 
on no less than three occasions, and in all cases 
one or two surface cracks along with many 
internal cracks in random distribution were 
observed. Even with the specimen which had 
been cooled in the dilatometer tube with the 
furnace case closed, four internal cracks were 
present, together with many “pits,” some of 
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which could be identified as very short cracks. Standard specimens, 2 in. long x 1} in. dia., 
As will be shown later, the cracks were certainly of different steels were soaked in hydrogen at 
formed below 200° C., for this steel and for the 1100°C. for 24 hr., after which they were cooled 
particular size of specimen. in still air. Under this condition the time taken 

It may be recalled from the results given in for the specimen to cool from the soaking tempera- 
Table II that the 3% chromium-molybdenum ture to room temperature was approximately half 
steel, HD, evolved 25-8% of its total hydrogen that when the specimen was cooled in vacuum for 
during cooling. Similarly, CR4 lost only 34.4% hydrogen evolution. The specimens were usually 
of its total hydrogen under the same conditions. allowed to age for at least a week before being 
Both HD and C'R4 showed no cracks, although sectioned, and hardness determinations were taken 
they retained more hydrogen after cooling than on the prepared transverse surface along the 
J2. It is thus clear that the retention of hydrogen, diameter. For each specimen, some 17 impressions 
or the hydrogen content in steel, cannot be taken were taken, so that any variations in hardness 
as the sole criterion in determining the order of across the section would be revealed. After this 
susceptibility, although its presence is essential for the sections were etched and examined for cracks ; 
hair-line-crack formation. the results are given in Table VI. The percentage 
of hydrogen evolved during cooling, obtained on 
vacuum-cooled specimens of the corresponding 
steels, are also shown, so that they can be related 
with the hardness values. 

At a meeting of the Hair-Line Crack Sub-Com- For most steels listed in Table VI, only the 
mittee, members suggested that there might be average value was given, because the variation 
some relation between hydrogen evolution and _ in hardness from the surface to the centre of the 
the hardenability of the specimen. Whilst it was specimen was not sufficiently significant, being 
not possible to obtain reliable hardness values 20 points V.D.H. at the most. With steels NCM 
on “ evolution ’’ specimens, since to do so would and J2, however, it was found that the surface 
mean sectioning the specimen previous to reheat- was much softer than the centre. In these two 
ing for the extraction of the remaining hydrogen cases, besides their average values, limits of 
and thus rendering the total hydrogen undeter- variation are given. For example, for steel VC, 
mined, it was considered that values obtained on shown in Table VI, 300-380 means that the 
a separate series of similarly treated but air-cooled specimen showed a hardness value of about 
specimens might serve the same purpose. 300 V.D.H. near the surface, and that this value 


HARDENABILITY OF HyDROGEN-SOAKED AND 
AtR-COOLED SPECIMENS 


TaBLeE VI—Hardenability of Hydrogen-Soaked and Air-( Cooled Specimens 





Percentage of Total 


Steel Type of Steel Cooling Condition —, Description of Cracks Hydrogen Evolved 
gia Tis during Cooling* 
HD 3% Cr—Mo ... ... A.C. from 1100° C. No cracks. 25-8 
NCM 3% Ni-Cr-Mo {3 ; 333 2 surface cracks and a few 36-4 
00-380 very fine internal cracks. 

ae M Sf 320 Numerous random cracks 36°+7 
Jz n, 0-35% C | 220-450 

J2 (a) x m || “Geeled=sn vacuum 485 Several random cracks and 36°7 

| 460-540 some pits. 

ORS 3% Cr, 0-2% C  .... A.C. from 1100° C. 408 Some pits. 38-4 
S69 3% Ni, 0°4% C oe aoe 238 A few random cracks. 44-5 
CR : jo, Cr to C ee ae 403 Many random cracks. 49-6 
V30 24% Ni-Cr—Mo oe ae 250 No cracks. 56-4 
CR6 LY Or, 1%. ae sia 412 Many random cracks. 56°38 
N23 3% Ni-Cr ... 2s ae 267 No cracks. 57:1 
MM 13% Mn-Mo 4 ae “ 9 211 One internal crack. 57:5 
J3 0-S%, 81, 0°49, C ...) 5, = - 190 No cracks. 61-1 
N22 3% Ni,0-36%C .... ., if 256 No cracks. 62-6 
CR2 Py or, OF4690 © ol ss & a 313 6 random cracks. 63-0 
J) Leo Mn, 0°-35%C 3; ,, re 228 | No cracks. 69-0 
NV 24% Ni-V, 0:4% C = ar 5 228 No cracks. 70-7 
K6 0-6% C a ue a 3s 207 No cracks. 71-5 
J4 A fay A ss 4% OS Mee ne ae 213 No cracks. 75°4 
N33 3% Ni, On1a Re co | i - 188 + No cracks. 78-4 


%4 As obtained from vacuum- -cooled. specimens 
+ Except where a range of hardness is given, the figures represent average values 
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increased progressively to 380 V.D.H. at the 
centre of the section. The same applies for steel 
J2. 

It will be seen from Table VI that of the five 
specimens which showed an average hardness of 
more than 400 V.D.H., only three showed any 
cracks ; those free from cracks were HD and CR5. 
On the other hand, specimens which were rela- 
tively soft, such as MM and S69, contained 
cracks, although the majority of the steels of 
similar hardenability were found to be immune. 
Specimens with an average hardness of the order 
of 300-350 V.D.H. were CR2 and NCM, and both 
of these showed cracks. The air-cooled specimen 
of J2 cannot be included in this case, because its 
relative softness—particularly near the surface— 
was most probably due to retained austenite. 
From these results it is clear that the hardenability 
cannot be taken as a criterion for hair-line-crack 
formation. 

Similarly, no strict correlation appears to exist 
between hydrogen evolution and the hardenability 
of the specimen. Thus, HD, CR5, and CR6 
differed very little in hardness, but the amount of 
the hydrogen evolved during cooling did not fall 
into the same group, assuming that the results 
obtained for vacuum-cooled specimens are of the 
same order as for air-cooled steels. The same 
remarks apply to specimens of: relative low 
hardenability, such as S69, J1, or NV in one case, 
and J3 and N33 in the other. 


DIFFUSION OF HyDROGEN IN STEEL AT Room 
TEMPERATURE 


In dealing with the results obtained in the 
experiments on the evolution of hydrogen from 
steel during cooling, certain deductions were made 
which show that the rate of hydrogen diffusion 
may vary from one steel to another in the alpha 
state. For a given steel, the structure or the 
nature of the transformation product may consti- 
tute one of the factors which determine hydrogen 
diffusivity. The experiments to be described here 
were carried out with a view to substantiating 
these deductions by means of what might be 
regarded as a more direct method. 

The principle of the method employed was to 
measure the amount of hydrogen which diffuses 
through a cylindrical wall of uniform thickness. 
The general arrangement is illustrated diagram- 
matically in Fig. 48, the shape and dimensions of 
the specimen employed being also given. Hydro- 
gen was generated by electrolysis in a 5% sulphuric 
acid bath, using a platinium sheet as the anode ; 
the specimen to be tested served as the cathode. 
The hydrogen which diffused through the cylindri- 
cal wall was evolved inside the specimen and 
displaced the paraffin oil in the graduated ‘tube 
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from which readings were taken. For all experi- 
ments, specimens of identical shape and dimen- 
sions were employed, and the depth of immersion 
of the specimen was 3} in. In every case a constant 
current of 5 amp. supplied by a 6-V. D.C. rectifier 
was used. The acid level of the electrolytic bath 
was kept constant by syplioning fresh liquid from 
a large reservoir. The temperature of the bath 
was found to be reasonably constant, and over a 
period of several days it varied only between 22 
and 25° C. 

In all, five experiments were carried out. Two 
of the specimens were C'R5, pretreated by soaking 
at 950° C. for 4 hr. and subsequently transformed 
in an isothermal bath controlled at 350° C. and 
700° C., respectively. The other three were made 
from S69, similarly soaked, but they were trans- 
formed separately in an isothermal bath at 600°, 
400°, and 200°C. The steels were treated before 
being made into specimens, and machining was 
carried out at the Vickers Works of the English 
Steel Corporation Ltd., through the kindness of 
Mr. H. H. Burton. The results obtained on these 
specimens are given in Table VII, and the 
corresponding curves are shown in Fig. 49. 

In one experiment mercury was used to fill the 
specimen, instead of paraffin. The gas collected 
in the graduated tube was analysed and was 
found to contain nearly 90% of hydrogen. Some 
air was present, but this must have been trapped 
inside the specimen between the wall and the 
mercury during filling. This experiment con- 
firmed that the gas which had diffused through 
was hydrogen. 

It will be seen from Table VII that the rate of 
hydrogen diffusion, which is also represented by 
the slope of the curves shown in Fig. 49, was 
different for the two steels and varied with the 
initial treatment. In general, CR5 showed a higher 
rate of diffusion at room temperature than S69, 
but for a given steel the temperature of iso- 
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Fia. 48—Arrangement used for hydrogen diffusion at 
room temperature (electrolytic method) 
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thermal treatment was the deciding factor. 
Thus, CR5, when transformed at 350° C., was 
much more permeable to hydrogen than if 
the same steel was transformed at 700°C. For 
S69 the diffusion was greatest for the specimen 
isothermally transformed at 400° C., and least 
for the one similarly treated at 200° C. It may be 
said that the specimens of S69 treated at 200° C. 
and 600° C., respectively, were attacked during 
the electrolytic treatment, but this does not affect 
the comparison, because their diffusion rate could 
only be less than indicated by the results given 
in Table VII. These results show that hydrogen 
diffusivity at room temperature differs with steels 
and their treatments. 

It will be seen in Table VII and Fig. 49 that 
the time taken from the commencement of the 
experiment to the beginning of observed hydrogen 
evolution was different for different specimens, 
and apparently bore no direct relation to the 
observed rate of diffusion. It seems that this 
period should depend upon two main factors, 
viz., (i) the solubility or saturation value and 
(ii) the rate of diffusion. If the solubility is the 
same for all specimens employed, there should be 
a direct relation between the period of saturation 
and the observed rate of hydrogen diffusion. The 
results suggest that the solubility of hydrogen as 
introduced by electrolytic treatment at room 
temperature varies not only with the composition 
of the steel but also with the thermal treatment 
given to the specimen. To confirm this, the 
following experiments were carried out. 

Three bars of S69 were soaked and isothermally 
treated, and then machined into specimens of 3 in. 
dia. <x 34 in. long. These specimens were treated 
electrolytically in a 5% sulphuric acid bath for 
96 hr. The experimental conditions were similar 
to those adopted for diffusion, with the exception 
that in this case the specimen was completely 
immersed in the bath. From the diffusion results, 


TaBLe VII—Results of Hydrogen Diffusion in CR5 and S69 at Room Temperature 
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Fia. 49—Diffusion of hydrogen in steel at room tempera- 
ture 


it is considered that 96 hr. should be sufficient 
to saturate the specimen. All three specimens 
were found to be intact after the electrolytic 
treatment, and hydrogen determinations were 
carried out immediately after the specimen was 
removed from the bath. The results obtained 
were as follows : 
H, Content, 

Specimen No. Treatment c.c./100g. 
S69 (1) Isothermally transformed at 600° C. 

for 72 hr., followed by electrolytic 

treatment for 96 hr. : 1-44 
S69 (2) Isothermally transformed at 400° C. 

for 48 hr., followed by electrolytic 


treatment for 96 hr. 2-29 
S69 (3) Isothermally transformed at 200° C. 

for 48 hr., followed by electrolytic 

treatment for 96 hr. 3-86 


The results given above, together with the 
hardness values listed in Table VII, show that 
for the 34% nickel steel, S69, the higher the 
isothermal transformation temperature, the softer 
was the specimen and the lower was the solubility 
for hydrogen at room temperature. According to 
Smithells,? the hydrogen pressure operating when 
nascent hydrogen is generated at the surface of 





| | | 


| Time between 
|Switching-On and Rate of 








Specimen Steel | Treatment — | the Beginning of | Evolution, | Condition of Specimen after Experiment 
wins Hydrogen c.c./hr. 
| Evolution | 
A CR5 | Isothermally transformed 335 4} hr. 0-60 | Intact. 
| at 350° C. for 24 hr. 
B | CR5_ | Isothermally transformed 150 34 hr. 0-34 ss 
| at 700° C. for 24 hr. 
C S69 | Isothermally transformed 240 34 hr. 0-24 Immersed part slightly attacked. 
at’600° C. for 72 hr. 
S69 | Jsothermally transformed 310 1? hr. 0-29 | Intact. 
| | at 400°C. for 48 hr. 
y S69 | Isothermally transformed 360 12 hr. 0-03 | Immersed part badly attacked. 
| at 200° C. for 48 hr. 
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an iron specimen in an electrolytic bath is given 
by the empirical relationship : 


p = 17,000 J atm., 


where J is the current density, in amperes per 
square centimetre. In the present case the current 
density employed was 0-1316 amp./sq. cm. 
Substituting this, we have p = 2237 atm., or 
14-7 tons/sq. in. 


REMOVAL OF HyDROGEN FROM STEEL BY 
IsOTHERMAL TREATMENT 


The standard procedure previously described! 
was adopted, in which standard specimens 2 in. 
long x 1? ih. dia. were soaked in pairs in a 
hydrogen atmosphere at 1100°C. After 24 hr. 
they were quenched simultaneously into a large- 


hydrogen removed during the 5-hr. period of the 
isothermal treatment, was determined, and was 
expressed as the percentage of the initial content. 
This percentage has been taken as a measure of 
the efficiency of hydrogen removal at the corre- 
sponding temperature. 

After heating to extract and determine the 
hydrogen content, the specimens were sectioned 
transversely and examined for cracks by the 
magnetic crack detector and by deep etching. 


Nickel Steel, N21 


In a previous investigation, the isothermal 
removal of hydrogen from a nickel steel of the 
N21 type was carried out with smaller specimens. 




















capacity isothermal bath controlled at a desired g ¥ ; ts, content 
temperature. The first specimen was removed § a elgg ogee \ Pie. 7 
from the bath and quenched in brine after 10 min., = st i 4 
and a further 5 hr. in the bath were allowed § | . _ sj 
before the second specimen was similarly removed. < Me — | 
Both specimens were placed under paraffin in & *[ — Ry, 
order that the hydrogen evolved at room tempera- 3 | Spinel hydrogen oo (o) 7 
ture might be collected ; after ageing in this way P) 1 inn ES : 
for at least one week, they were heated in vacuum T T — py ' 
for the extraction of the remaining gas. The ¥% f al i 1 
hydrogen content of the extracted gas, added to 2. ad \ 7 
the amount evolved at room temperature, gave : “eo i \ _ 
the total hydrogen contents of these two speci- S.c60+- 9 \ 4 
mens. , o> / Mee @) 7 
For convenience, the hydrogen content of the * ea : : 
fe) i it L eal 


first specimen is referred to as the “ initial,” and 
that of the second one as the “ final’ content. 
The difference between the initial and _ final 
hydrogen contents, which gives the amount of 


/00 200 30O 400 500 600 700 800 
Temperature of isothermal treatment °C 


Fic. 50—Isothermal removal of hydrogen from steel N21 


TaBLeE VIII—Isothermal Removal of Hydrogen from Nickel Steel N21 


Initial specimen 10 min. in bath ; final specimen 5 hr. in bath 





Initial Specimen 


Final Specimen 
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Temperature of Se ee bos 2 ee es es H, Removed 
Isothermal _, during 
—- | H, Content, Description of Cracks H, Content, Description of Treatment, 

. c.c./100 g. ; c.c./100 g. Cracks /o 
700 4-71 Many medium-to-short fine radial cracks. 2-49 No cracks. 47-3 
650 5-00 Many short and long mixed radial cracks. | 2-26 No cracks. 54-9 
600 4-40 | One medium-lengthed crack. | 0-42 | No cracks. 90-5 
550 3-29 Numerous short and fine random cracks. 0°58 No cracks. 82-4 
500 4°10 No cracks. | 0-53 | No cracks. 87-2 
450 5-19 | 2 internal cracks. | 0-51 | No cracks. 90-1 
400 4-58 | Many medium and short fine cracks, deep- | 0-25 No cracks. 94-6 
| seated and random. | 
350 4-60 | Many fine medium-lengthed random 0-65 No cracks. | 85-3 
|  eracks. 
300 4-72 | No cracks. 0-83 No cracks. | 82-5 
250 5-46 No cracks. 1-42 No cracks. | 74:1 
200 5-04 | No cracks. | 1-86 No cracks. 63-0 
150 4-53 | No cracks. 2°53 | No cracks. 44-2 
! | 
| 
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As a result of this, information concerning crack 
formation was not available. For the present 
experiments, specimens of standard size were 
used, and the isothermal treatment was carried 
out at 50°C. intervals, from 150° to 700° C., 
inclusive. The results obtained are given in 
Table VIII. 

It will be seen from Table VIII that all the 
final specimens contained no cracks. Amongst 
the initial specimens, however, there were no 
cracks in those which were treated at or below 
300° C., although their hydrogen contents are 
comparable with, if not higher than in, specimens 
treated at higher temperatures. Cracks obtained 
in specimens quenched in an isothermal bath 
between 350° and 550° C. were all of the random 
and deep-seated type, the only exception being 
the one treated at 500°C. for 10 min., which 
showed no cracks. Radial cracks appeared in the 
specimens when the bath temperature was 650° C. 
or above. 

The hydrogen contents are plotted in Fig. 50a, 
and the percentage of initial hydrogen removed 
during the isothermal treatment is given in Fig. 
50b. It will readily be seen that the initial 
hydrogen contents fluctuate considerably, although 
the limits generally lie between 4 and 5 c.c./100 g. 
Between 400° and 600° C. the final contents are 
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very low, which coincides with the temperature 
range of high hydrogen removal as shown in 
Fig. 50b. There appears to be a minimum in the 
removal curve at 550° C., although even at this 
temperature the removal was well over 80°%. 


1% Chromium, 0-46°%, Carbon Steel, CR2 

For the specimens of the 1% chromium, 0-46% 
carbon steel, CR2, the conditions which have been 
described and referred to as standard for isother- 
mal work were observed in all respects, and the 
results obtained are given in Table IX. 

It will be seen from Table [X that the specimen 
treated for 10 min. at 650° C. provided the only 
example of deep-seated and random: cracks for 
this steel. Cracks observed in specimens treated 
at other temperatures were mainly radial, with 
the exception of those treated at 600° and 450° C., 
respectively, which contained no cracks, in spite 
of their high hydrogen contents. 

In the “ final ” series, no cracks were found in 
specimens treated between 750° and 250° C., and 
this is to be expected, since the hydrogen contents 
were generally low. Radial and quenching cracks 
were present in specimens treated in the iso- 


thermal bath either above 750°C. or below 
200° C., when the hydrogen content was higher 


and the stresses would be severe. 


TaBLE IX—Isothermal Removal of Hydrogen from Chromium Steel, CR2 


Initial specimen 10 min. in bath ; final specimen 5 hr. in bath 





Initial Specimen Final Specimen 
Temperature of enen —— < H, Removed 
Isothermal luring 
—" ee Description of Cracks _ — - Description of Cracks eo 
800 6-82 Numerous short and long mixed radial 2-28 L quenching crack, 17 59 +4 
cracks. radial cracks. 
750 7°67 ee ‘3 > 9 , 2°21 L quenching crack and 71-2 
a few radial cracks. 
700 7-19 Numerous medium radial cracks. 0:79 No cracks. 89-0 
650 5-93 Many short deep-seated and random 0-73 No cracks. 87-7 
cracks. 
600 5-7] No definite cracks, but some “‘ pits.”’ 0-43 No cracks. 2+] 
550 6-34 Numerous medium radial cracks. 0-90 No cracks. 85°38 
500 6°53 Numerous long and medium mixed 0-86 No eracks. 86°38 
radial cracks. 
450 7°17 No cracks, but a few “ pits.” 1-66 No cracks. 76°8 
400 6°55 9 zigzag radial cracks, 2 of them ex- | 0-64 No cracks. 90-2 
tending to surface. 
350 7-32 | Many short and medium zigzag radial 0-66 No cracks. 91-0 
cracks. 
300 7-96 Many short and medium zigzag radial 0-70 No cracks. 91-2 
cracks and 3 deep-seated cracks. 
250 7°87 Many radial cracks, most of them short | 1-22 No cracks. 84-5 
but some medium. 
200 8°88 2 severe quenching cracks and many 3°56 3 short radial and 1 59-9 
short zigzag radial cracks. quenching crack. 
{ 150 j 7:74 =i Ps = : 4-52 2 severe quenching 41-6 
| ‘racks. 
| 
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Fic. 51—Isothermal removal of hydrogen from steel CR2 


As shown in Fig. 5la, there is a minimum in 
the initial-content curve at 600°C. The final- 
content curve, on the other hand, shows a maxi- 
mum at 450° C., and on either side of this peak 
the hydrogen content was low. 

The fact that the percentage-of-removal curve 
agrees almost exactly with the shape of the final- 
content curve is in keeping with the results 
previously reported! for other steels. That there 
is very little difference in the efficiency of hydrogen 
removal between the intermediate temperatures 
of 300-400° C. on the one hand and the pearlitic 
range of 600-—700° C. on the other is also shown in 
Fig. 510. 


1-34% Chromium, 1°, Carbon Steel, N31 


Results obtained for the isothermal removal of 


hydrogen from the 1-34°% chromium, 1% carbon 
steel, N31, are given in Table X and plotted in 
Fig. 52. 

Perhaps one of the unusual features of the 
results obtained on N31 is the high hydrogen 
content of the steel. Thus, at 150° or 200°C., 


both the initial and the final contents were of 


TaBLE X—lIsothermal Removal of Hydrogen from Chromium Steel N31 


Initial specimen 10 min. in bath ; final specimen 5 hr. in bath 





Initial Specimen 
Temperature = ee = 


Final Specimen 
H, Removed 








| of Isothermal | oe | 
| Treatment,° C.| H, Content, 


c.c./100 g. Description of Cracks 








during 
H, Content, Treatment, % 


c.c./100 g Description of Cracks 


} 800 9-38 Several very severe quenching cracks 4-40 4 severe quenching cracks 53-1 
and many short fine radial cracks. and many short fine 
radial cracks. 
750 7°54 Many very severe quenching cracks 6-99 5 quenching cracks and 7°3 
and a number of fine radial cracks. many short fine radial 
eracks. 
700 11-52 1 severe quenching crack and many 3°84 2 severe quenching cracks 66-5 
small ones ; internal cracks doubt- and some ** pits.” 
ful. 
650 5:78 | 3medium and 7 short random cracks. 0-68 No cracks. 88-2 
600 6-69 | 2 medium and 12 short random 0-55 No cracks. 91-8 
| racks. 
550 6-64 | Many fine and a few coarse zigzag 1-00 No cracks. 84-9 
| random cracks. 
500 7-01 2 quenching and 4 internal cracks. 0-80 No cracks. 88-5 
450 | 6-41 Very many fine and short random 1-82 A few very fine, very 71-6 
; cracks. short random cracks. 
400 8-91 Very numerous random cracks 2-05 Many deep-seated ran- 77-0 
| throughout the specimen. dom cracks. 
350 | 7°58 | 1 long quenching crack and 15 to 20 1-20 No cracks. 84-2 
medium radial cracks. 
300 8-46 1 severe quenching crack and about 1-28 1 quenching crack. | 85:0 
15 medium radial cracks. 
250 | 9-63 | Very many severe quenching cracks. 5-64 Many fine quenching 41-5 
cracks. 
200 10-40 Several severe quenching cracks and 9-32 4 quenching cracks and 10-8 
| some fine radial internal cracks. many fine radial in- 
ternal cracks. 
150 | 10-35 | 2 severe quenching cracks and 15! 9-42 3 quenching cracks and a 9-0 
fine radial internal cracks. number of radial cracks. 
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the order of 10 c¢.c./100 g., and at 700°C. the curve for percentage of hydrogen removal shown 
initial specimen contained 11-52 ¢.c./100g., which in Fig. 52 is similar and bears a close relationship 
is the highest value ever recorded in the whole 

course of the work. It may be pointed out that, a — — ---———-- 
of a total hydrogen content of 11-52 ¢.c./100 g. .) 
for the initial specimen at 700° C., 6-3 ¢.c./100 g. | i 
were evolved at room temperature, otherwise the a »~ ~ 
remaining 5-22 c.c./100 g. of hydrogen extracted 
by heating in vacuum was comparable to that 
similarly extracted from other initial specimens 
of this steel. 

Table X also shows that the cracks were present 
in all the initial specimens, although in certain 
cases the presence of severe quenching cracks 
rendered a clear examination of internal cracks 
rather difficult. Between 350° and 650° C., how- i" | 
ever, quenching cracks were relatively few, and Ee \ 7 
those observed in the specimens were all deep- + — “cae a) 4 
seated and of random distribution. ol { 

In the “ final * series, radial cracks were found ' ee 
in specimens which were treated above 700° C. or 
below 300° C., where the hydrogen contents were 
also reasonably high. Between 650° and 350° C. 
the final contents were usually low, being less 
than 2 c.c./100 g., and it was to be expected that 
the specimens would contain no cracks. As shown 
in Table X, this was generally the case, but 
specimens treated at 450° and 400°C. showed 
pronounced hair-line cracks, although the hydro- 

1 re 20K / ft a 
gen contents were only 1-82 and 2-05 c.c./100 g., / | 
respectively. re b) o 

In Fig. 52a it will be seen that both the initial ol ! ia 


Ar sp rr Afr 


/0€ 200 JOU 400 390 600 700 = 4 


and the final contents fall considerably between - ee 
650° and 250° C., and there is a small maximum ee ene Ceres 
at 400-450° C. on the final-content curve. The Fic. 52—Isothermal removal of hydrogen from steel N31 
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TABLE XI—Isothermal Removal of Hydrogen from Chromium Steel CR5 


Initial specimen 10 min. in bath ; final specimen 5 hr. in bath 











Initial Specimen | Final Specimen 
a ae ee a en eras ee — H, Removed 
bo more | H, C ont | H, Content ae T Ms | 0 
reatment , "CU. cme Description of Cracks ¢-c./100 g. Description of Cracks ° 
= Seren Ne ee ee Pe 
800 5°50 21 radial cracks, most of them long 1-49 No cracks ; many pits. 72-9 
and a few short. 
750 7:36 Many medium radial cracks. 0-58 pace. 3 Pl: a 92-1] 
700 5:84 1 long internal crack. 0-358 93-5 
650 6-41 5 radial cracks and some pits. 0-50 z se 92-2 
600 6°35 - ~*~ 99 ” ors +9 2°57 - 9 os ” 59°5 
550 6-22 18 long and medium mixed radial 3°35 46°] 
cracks, alsc some pits. 
500 5:94 5 radial cracks and some pits. 2-33 - pe i a 60°8 
450 7°75 No cracks ; a few pits. 2-8] af 63-7 
400 7-90 i er eae 1-99 - a ‘3 yi 74:8 
350 1*2s * “5 5 chabee nas 1-03 No cracks ; a few pits. 85-8 
300 7-18 No cracks ; many pits. 0:97 ss BS ge ag? ed 86-5 
250 1220 oe as a mr 1-67 No cracks ; many pits. 76:7 
200 7°27 + ‘i Pes 2-93 a6 a “a - 59-7 
150 6-89 ys 3-63 an oi ae - 47-3 
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Fic. 53—Isothermal removal of hydrogen from steel CR5 


to the final contents of the specimens. Thus the 
rate of removal falls sharply below 300° C. and 
there is a pronounced minimum at 750° C., which 
corresponds to the quick rise in the final content 
shown in Fig. 52a. Similarly, the removal curve 
also shows a small depression at 450° C. 


3% Chromium, 0.2% Carbon Steel, CR5 


The results obtained for the 3% chromium, 
0.2% carbon steel, CR5, are summarized in 
Table XI, and curves are shown in Fig. 53. As 
shown in Table XI, the initial specimens showed 
no cracks from 450° to 150° C., inclusive, although 
the hydrogen contents were high. Cracks were 
present in the specimens which were treated at 
or above 500° C., and these cracks were invariably 
radial in distribution. 

None of the final specimens showed any cracks, 
but in every case etching pits were observed. In 
view of the extremely low hydrogen content of 
some of the specimens, it is doubtful if such pits 
could be attributed to the effect of hydrogen. 

Fig. 53a shows that the initial hydrogen content 
was generally higher for specimens treated at or 
below 450°C. than for those quenched in the 


isothermal bath above this temperature. This _ 


rather indicates that specimens isothermally 
treated at or above 500° C. lost more hydrogen 
during the first 10 min. 

The final-content curve shows two minima, 
corresponding to temperature ranges of 300- 
350° C. and 650-750° C., respectively, as shown 
in Fig. 53a. The latter range indicates a lower 
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hydrogen content than the former, and this 
is reflected in Fig. 53b, in which it will be seen 
that a higher percentage of removal was attained 
at 700° C. than at 300° C. after 5 hours’ isothermal 
treatment. Between 350° and 650°C. the final 
content increased, and there are two peaks on the 
curve (Fig. 53a). The removal curve, on the other 
hand, shows only one minimum, at 550°C. 
(Fig. 530). 


3% Chromium, 0-5°% Carbon Steel, CR4 


The results obtained for the 3% chromium, 
0-5% carbon steel, CR4, are given in Table XII, 
and the, corresponding curves are plotted in 
Fig. 54. It will be seen that the average initial 
content of CR4 was higher than for any of the 
steels previously examined. As shown in Fig. 54a, 
there is a marked minimum in the initial-content 
curve at 650° C. ; the final-content curve, on the 
other hand, shows two minima, corresponding to 
350° and 650-700° C., respectively. Also, the 
sharp peak at 450° C., shown in the final-content 
curve of Fig. 54a, coincides with the minimum 
rate of hydrogen removal in Fig. 54). It is 
interesting to note that, for the removal of 
hydrogen from this steel, temperatures within the 
pearlitic range are more effective than tempera- 
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Fic. 54—Isothermal removal of hydrogen from steel CR4 
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tures within the intermediate range. With the In the “final” series the presence of cracks 
former not only is the efficiency slightly greater, was generally in keeping with the hydrogen 
but the range is considerably wider. content of the specimen. When cracks were not 
As shown in Table XII, all the initial specimens predominating, the etched sections usually showed 
showed cracks. The specimen treated at 600°C. “pits.” As in the case of CRS, it is extremely 
for 10 min. contained typical hair-line cracks, doubtful whether such “ pits ” could be attributed 
deep-seated and in random distribution. For the effect of hydrogen. 
other initial specimens the distribution of internal 


cracks was usually influenced by the presence of Crack ForMATION IN ISOTHERMALLY 
severe quenching cracks, so that the general TREATED SPECIMENS 


tendency was for small internal cracks to be The results obtained with the specimens 
distributed in a concentric manner with respect employed in the isothermal removal of hydrogen 
to the large quenching cracks. At 650°C. the have revealed much information concerning the 
initial specimen showed only two internal cracks, formation of hair-line cracks in steel. It is shown 
but its hydrogen content was the lowest of the that although hydrogen is essential to hair-line- 
crack formation, no definite content can be set 








series. 
TaBLE XII—Isothermal Removal of Hydrogen from Chromium Steel CR4 
Initial specimen 10 min. in bath ; final specimen 5 hr. in bath 
ee pote oe Ee Ad SI ee 3 
i Initial Specimen Final Specimen 
| emmperatere jo ne ene Se nes : H, Removed 
of Isothermal ; ; _ during 
| Treatment, °C Ps = Description of Cracks toe. Description of Cracks | rreatment, °C. 
| 
800 8-20 Severe quenching cracks, many ra- 2-68 Severe quenching cracks, 67-3 
dial, and numerous short random a few radial, and many 
cracks. short random cracks. 
750 9-33 55 oe 2 ae P= 1-27 2 short internal cracks 86-4 
and many pits. 
700 | 8-14 nn 5 ad 7 - 0-33 Many small pits. 95-9 
| 650 | 6-71 2 internal cracks and many pits. 0°38 Many pits. 94-3 
600 7-40 A number of circumferential cracks 1-02 PP FF 86-2 
and many deep-seated random 
cracks. 
550 8-08 Severe quenching cracks and many 1-53 1 internal crack and 81-1 
random cracks distributed through- many pits. 
out the specimen. 
500 8-39 | severe quenching crack and nume- 2°72 Many pits. 67-6 
rous internal cracks concentric 
with respect to the quenching 
crack. 
450 9-21 | 2 severe quenching cracks and nume- 6°17 2 severe quenching cracks 33°3 
rous fine internal cracks concentric with many internal 
| | with respect to the quenching cracks concentric to 
| cracks. | them, also a few radial | 
| eracks. 
400 9-11 4 surface cracks and many fine 1-20 1 short internal crack 86-8 
random cracks. | and many pits. 
350 8-43 | 1 quenching crack with a few long 0-63 2 quenching cracks and 92-5 
| internal cracks concentric to it, many pits. 
also several! radial cracks. | 
300 | 8-44 2 quenching cracks, some radial 1-20 | 1 quenching crack and 85:8 
| | cracks, and many random cracks. | | many pits. 
| 250 | 8-66 1 severe quenching crack with many | 4°75 Severe quenching cracks 45-2 
fine internal cracks concentric to | | and 1 internal crack 
| | it, also a few short radial cracks. | | also some small pits. 
| 200 8-06 As above, but no radial cracks. 5-18 | 8 short surface cracks. 35-7 
| 150 ; 8:61 1 severe and several small quenching 7°86 | 1 severe quenching crack | 8-7 
| eracks with many fine internal | and many small radial | 
| eracks distributed with respect to | cracks, also a number 
| the quenching crack. of fine internal cracks 


concentric to the 
| quenching crack. 
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TaBLE XIII]—IJmmune Temperatures to Crack 
Formation in Isothermally Treated Specimens of 
Plain Carbon and Nickel Steels 





Steel | Composition 


| Immune Temperature(s), ° C. | 
| | | 





700-500 ; 400-150 | 
650-450 ; 300-150 | 
500 ; 300-150 


K6 | 0-6% C (tyre steel) 


N33 | 3-11% Ni, 0-15% C 
N21 | 3-28% Ni, 0-33 C 


NV | 2-35% Ni, 0-46% C, 500 ; 250 
| 012% V 
200; 150 


S69 | 3-46% Ni, 0-44% C 





as the safety limit even for a given steel. For 
example, the results obtained on steel V31 showed 
that, when conditions were favourable, crack 
formation can occur in specimens with a hydrogen 
content lower than 2 c.c./100 g. On the other 
hand, the results for CR5, N21, and some of the 
other steels previously reported, indicate that 
after treating at certain temperatures, crack 
formation does not take place, even in initial 
specimens, when the hydrogen contents are high, 
i.e., of the order of 5 c.c./100 g. or more. 

The isothermal-transformation characteristics 
of low-alloy steels containing carbide-forming 
elements such as chromium, molybdenum, etc., 
are usually of a complex type, and with the limited 
information it has not yet been possible to corre- 
late crack formation with transformation charac- 
teristics in such steels. For this reason, only plain 
carbon and nickel steels will be considered here, 


No cracks 
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and the ‘‘ immune ” temperatures of N21, together 
with those of a similar type given previously,! are 
listed in Table XIII. 

It was thought that if the results given in 
Table XIII could be plotted in graph form it 
should be possible to correlate and find out from 
the corresponding temperatures the conditions 
under which steels are susceptible to crack 
formation. This has been carried out, and the 
curves are shown in Fig. 55. Each of the five 
steels, K6, N33, N21, NV, and S69, is represented 
by a separate curve, and the curves share a com- 
mon vertical axis for the temperature, but on the 
horizontal axis, which denotes time, each curve 
has been moved by a successive equal space to 
avoid overlapping, so that the vertical line shown 
for each curve actually cuts the horizontal axis 
at the value for 10 min., which was the time of 
treatment for all initial specimens. Knowing the 
temperatures at which cracks do not occur in the 
initial specimen, it is possible to mark them out 
on the vertical line, and, if the left-hand side of 
each vertical line is used to represent “ no cracks ” 
for each steel, it remains then to join the marked 
points and draw curves as shown. For all five 
steels the ‘‘ crack-free ’’ zones are shaded, and, 
to the right-hand side of the vertical dividing line, 
the curves are broken to represent zones suscept- 
ible to cracks. 

It will be seen that all curves assume an § 
shape, although they-cannot be strictly correlated 
with the true S-curves for isothermal trans- 
formation owing to the fact that they were based 
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Fic. 55—Relation between crack formation and temperature of isothermal treatment in “* initial ’’ specimens of plain 


earbon and nickel steels 
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Fic. 56—Time of isothermal treatment and crack forma- 
tion in 3}% nickel, 0:36% carbon steel, N22 


on limited data and aided by imaginary construc- 
tion. Nevertheless, it is logical to deduce from 
these curves that the danger zone for crack forma- 
tion in steel corresponds to the temperature of 
“intermediate transformation.” It is also clear 
that the “danger” zone for the plain carbon 
steel, K6, lies between 500° and 400° C. (Fig. 55a), 
and that the presence of nickel lowers this 
temperature range (Fig. 55b). The increase in 
alloying elements, such as nickel and carbon, 
pushes the curve towards the right, thus widening 
the temperature range for crack formation, 
Fig. 55 (c, d, and e). 

In an attempt to establish these deductions 
more fully by further experiments, a limited 
amount of steel N22 was employed in accordance 


TABLE X1V—ZIsothermal Treatment 


TRANSFORMATION CHARACTERISTICS IN STEEL 


233 





joo os _——— 
. 
2 a 
ea 
a” ~ 
¢ ~ 
oi p ~ 
= 600 PAN s ~ a 
> > ‘ } 
v - CKS . “ 
s x 4 
: | 
<i a 
S500 fo) \ - 


th 
> 


ri 


erature 
a 





Hydrogen content c.c/lOOg 


Fic. 57—Hydrogen content and crack formation in 


isothermally treated steel, N22 
with the following procedure: Three or four 
specimens of standard size were soaked in hydro- 
gen at 1100° C. for 24 hr. and then quenched in 
an isothermal bath controlled at the desired 
temperatures. Specimens were removed in turn 
from the bath after suitable intervals of time 
and quenched in brine. The time of isothermal 
treatment was so arranged that it was possible to 
ascertain the minimum time for crack prevention 
at each temperature. Hydrogen determinations 
were carried out in the usual manner, and results 
obtained for different temperatures are given in 
Table XIV. 

The results given in Table XIV are plotted in 
Figs. 56 and 57. In Fig. 56, points lying on the 
right-hand side of the curve represent specimens 


and Crack Formation in Steel N22 





| 


Temperature of 


Isothermal Treatment, Time of Treatment, | H, Content, 
“0, 


min. | c.c./100 g. 
| 


Description of Cracks 





650 45 | 6°47 
600 | 30 | 6+85 
550 25 6-34 
500 | 6 7-70 
500 | 12 5-99 
450 10 7°74 
450 20 7:05 
450 30 | 5-52 
400 10 | 5-68 
400 | 20 4-36 
400 40 3-37 
| 400 ' 70 2-90 
350 15 4-87 
350 25 4-13 | 
350 | 50 3-45 
300 12 6-83 
250 5 6-88 
| | 
250 10 5-65 
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1 quenching crack ; numerous short radial cracks, 

Numerous short and long mixed radial cracks. 

2 quenching cracks, about 20 radial, and many random 
deep-seated cracks. 

1 quenching crack, about 20 radial, and many medium- 
lengthed random cracks. 

No cracks. 

Numerous long and medium mixed radial cracks. 

A few very fine internal cracks. 

No cracks. 

Numerous fine random cracks. 

Many short random cracks. 

A few very short and very fine deep-seated cracks. 

No cracks. 

2 internal cracks. 

1 internal crack. 

No cracks. 

2 small internal cracks and one quenching crack. 

Many internal cracks centred round one quenching 
crack. 


1 quenching crack ; no internal cracks. 
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containing no internal cracks. The curves are 
drawn as broken lines above 500° C. because the 
time of treatment given was not sufficiently long 
enough for the last specimen of each series to enter 
into the crack-free zone, and further experiments 
were not possible owing to exhaustion of the stock 
of this steel. Below 500° C., however, the line of 
demarcation with respect to the time of treatment 
between cracks and no cracks, as shown in Fig. 56, 
was closely “ bracketed,” and it will be seen that 
the curve definitely takes the form of an S, with 
its knee corresponding to a temperature of 400° C. 
This agrees with Fig. 55, from which it was 
deduced that for nickel steel the intermediate 
range was the danger zone for hair-line cracks. 

Fig. 57 indicates the minimum hydrogen content 
required to produce cracks in specimens iso- 
thermally treated at various temperatures. It will 
be seen that for N22 a hydrogen content of the 
order of 6 c.c./100 g. was necessary for crack 
formation in specimens treated either at 500° or 
at 250° C., but in the intermediate range this was 
lower ; about 3 c.c./100 g. were sufficient if similar 
specimens were treated at 400° C. 

Although the relationship shown in Fig. 56 
assumes the § form, and the isothermal-trans- 
formation characteristics of a steel of the N22 
type would also be expected to take an § shape, 
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it can be said that the two S-curves do not 
conform to each other. As will be shown later, 
the maximum rate of transformation of this steel 
actually occurred at 400°C., whereas Fig. 56 
indicates that the maximum time was required 
for treatment at this temperature in order to 
prevent crack formation in the specimen. 
Another feature worthy of note is the fact that 
within the intermediate range of 300-500° C., 
where a lower hydrogen content was required for 
crack formation, the cracks observed were mainly 
deep-seated and of random distribution. Cracks 
obtained in specimens treated at or above 500° C., 
or below 300° C., were usually of a radial type, 
and the hydrogen content required for crack 
formation was actually higher. Since radial cracks 
are generally associated with hard structures, in 
which case residual stresses must be considered 
to be of a high order, it would be difficult to 
understand why, under such conditions, the 
amount of hydrogen necessary for crack formation 
should be greater if stresses are the predominating 
factor in determining the crack formation in steel. 


Results given here suggest that the nature of 


transformation and the transformed product, 
particularly at the intermediate temperatures, 
may have a direct bearing upon the hair-line- 
crack problem. 
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Fic. 58—Dilatometer, soaking furnace, and quenching bath for the study of isothermal transformation 
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ErrecTt OF HYDROGEN upon ISOTHERMAL 
TRANSFORMATION OF STEEL 

The experiments to be described in this section 
were primarily intended for the study of any 
possible effect which hydrogen might have upon 
the isothermal-transformation characteristics of 
steel, and for obtaining information which might 
be useful in correlating the transformation with 
hydrogen removal. Also, it was thought that 
investigations into certain features of the nature 
of transformation products would not be out of 
place in the wide realm of the hair-line-crack 
problem. 

Previous workers have unanimously agreed that 
the dilatometric method of following the course 
of the transformation was easily adaptable and 
the most convenient. In the present experiments 
a dilatometer of the type used by Allen, Pfeil, and 
Griffiths* was adopted for the registration of the 
isothermal-transformation process. The size of the 
dilatometer tube was selected to take a specimen of 
#; in. dia., which rested on a flat ring platform 
fused to one end of the dilatometer tube. The 
ring platform was slotted to provide easy passages 
for the hydrogen or the quenching medium to 
make direct contact with the specimen. Dilata- 
tion of the specimen was transmitted through 
a sliding-fit silica rod to a Mercer gauge reading 
to 0-0001 in. 

Specimens of 3 in. dia. by 2 in. long were used 
throughout this part of the investigation. It was 
realized that, from the transformation point of 
view only, such specimen size might be too large 
to ensure effective quenching. On the other hand, 
for the retention of hydrogen a smaller specimen 
would be definitely unsuitable. The present size 
was decided upon as a compromise between these 
two considerations. Preliminary experiments 
showed that with a specimen of + in. dia. by 
2 in. long, a hydrogen content of the order of 
3-5 c.c./100 g. could be obtained with most low- 
alloy steels after soaking for 4 hr. in hydrogen 
at 950° C. 

The dilatometer, together with the soaking 
arrangements and the quenching bath, are shown 
diagrammatically in Fig. 58. It will be seen that 
the silica rod which transmitted the movement 
was held down against the specimen by means of 
a stretched sheet of strong rubber. This gave a 
gas-tight joint when the dilatometer was placed 
directly over the soaking furnace, and also served 
the necessary purpose of overcoming buoyancy 
when the dilatometer tube was immersed in the 
molten lead-tin—bismuth quenching bath. The 
soaking arrangements consisted of a_ vertical 
tube furnace fitted with water-cooling devices at 
both ends of the tube ; hydrogen or nitrogen was 
fed into the furnace from the bottom end. By 
breaking the mercury seal at A, the dilatometer 
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could be quickly lifted from the soaking furnace 
and lowered into the quenching bath, the opera- 
tion taking no more than 2 or 3 sec. 

Both the soaking furnace and the quenching 
bath were controlled by separate Cambridge 
potentiometric regulators. With close adjustment 
of external resistances which were connected in 
series with the furnace winding, the temperature 
could be kept within + 3° C. over a very long 
period. 

The standard treatment was to soak the 
specimen, with the dilatometer tube, in hydrogen 
or nitrogen at 950° C. for 4 hr. before quenching 
into the isothermal bath. More hydrogen could 
have been introduced into the specimen if a higher 
temperature had been chosen, but this might have 
led to the devitrification of the silica tube and rod 
which form the main part of the dilatometer. 
Longer times of soaking were not advisable 
because of the possibility of excessive decarburiza- 
tion of the specimen. It was also realized that the 
time taken for the specimen to cool from 950° C. 
to the temperature of the quenching bath would 
not be the same in all cases ; accordingly calibra- 
tions were made by using samples of an 18/8 
austenitic steel, soaked, and quenched in a similar 
manner into the bath at various temperatures. 
These values were deducted from the correspond- 
ing curves to give the true transformation time 
and induction period. 

Although a period of 4 hr. was adopted as the 
standard time of soaking at 950°C., in earlier 
experiments a }-hr. soaking at the same tempera- 
ture in nitrogen was adopted. When the results 
were compared with those obtained on similar 
specimens soaked for 4 hr., it was found that with 
steels CR5 and N22, very little difference existed 
in the austenitic grain-size between the two 
different times of soaking, and the isothermal- 
transformation processes at all temperatures were 
identical in both cases. Accordingly, only one 
set of results will be given for each steel, viz., those 
obtained on specimens austenitized at 950° C. for 
4 hr. 

So far, only CR5 and N22 have been studied. 
For both steels, the austenitic grain-size after 
4 hours’ soaking at 950°C. corresponded to 


A.S.T.M. No. 6. 


3%, Chromium Steel, CR5 


The transformation processes for the 3% 
chromium steel CR5, as revealed by dilatation, 
are shown in Fig. 59. The full curves represent 
results obtained with nitrogen-soaked specimens, 
whereas those for hydrogen-soaked ones are given 
as broken lines. 

Although experiments on hydrogen-soaked 
specimens have not been carried out at all the 
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temperatures adopted for the nitrogen-soaked 
specimens, the results given in Fig. 59 are suf- 
ficient to indicate that at high temperatures 
hydrogen seems to impose a definite retarding 
effect upon the transformation of this steel. For 
example, at 700°C. the control specimen com- 
pleted its transformation in about 10 min., whilst 
15 min. were required for the completion of the 
gamma-—alpha change in the corresponding hydro- 
gen-soaked specimen. Below 500°C. this effect 
was not apparent. In all cases the dilatation curve 
of the hydrogen-soaked specimen fell below that 
of the nitrogen-soaked one, but the amount of 
expansion at the transformation was not very 
different in both cases, with one exception. At 
250° C. the hydrogen-soaked specimen showed 
appreciably less expansion at the transformation 
than the control specimen in nitrogen. 

In general, the curves shown in Fig. 59 are 
smooth and normal, but those obtained below 
350° C. showed a contraction after the trans- 
formation was apparently completed, and this 
contraction became greater as the temperature of 
the isothermal bath was lowered. This is most 
certainly due to the fact that the major part of 
the transformation occurred before the specimen 
actually reached the bath temperature. Indeed, 
the transformation of this’ steel commenced so 
quickly that, with the present size of specimen, 
it was not possible completely to suppress the 
transformation when the bath temperature was 
lower than 500° C. When the amount of contrac- 
tion of the specimen quenching from 950° C. was 
plotted against the bath temperature, as will be 
seen in Fig. 60, the curve departed from a linear 
relationship at about 500°C., and below this 
temperature the amount transformed during 
cooling became greater with the lowering of the 
temperature of the bath. 

The fact that dilatation curves for hydrogen- 
soaked specimens fell below those for nitrogen- 
soaked must not be regarded as an intentional 
displacement to avoid overlapping ; in all cases 
the corresponding pair were based upon the same 
reading at 950°C. Since all specimens employed 
in this work were carefully machined to 2 in. 
+ 0-001 in. and no difference in dilatation was 
observed during heating or soaking between the 
use of nitrogen and hydrogen, such discrepancies 
could only be attributed to the effect of hydrogen 
upon changes taking place in the specimen during 
quenching or transformation. It would appear 
that for this steel the contraction from 950° C.°to 
the bath temperature was greater in all cases for 
hydrogen-soaked than for the corresponding 
nitrogen-treated specimens. 

It has been shown that with nitrogen-soaked 
specimens of this steel it was not possible to 
suppress the transformation completely when the 
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bath temperature was below 500° C., and partial 
transformation took place during cooling. On 
the assumption that hydrogen increases the heat 
conductivity of the specimen, the suppression of 
the transformation by quenching might be 
rendered more complete and, therefore, the 
contraction obtained on quenching would be 
correspondingly greater. This seems to be a 
feasible explanation, but the results obtained at 
700° C. did not subscribe to this view, since in 
this case the transformation was reasonably slow 
and there was no likelihood of any transformation 
having taken place before the specimen reached 
the bath temperature. 

Similarly, the discrepancy observed in the 
amount of expansion during transformation at 
250° C. cannot be explained on the assumption 
that some untransformed austenite had been 
retained in the hydrogen-soaked specimen. In 
all cases when the dilatation of the specimen 
showed no further change after a long period in 
the isothermal bath, the dilatometer containing 
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Fic. 59—Dilatation curves at various temperatures for 
steel CR5 soaked at 950° C. for 4 hr. 
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the specimen was removed from the bath and 
allowed to cool in air. No changes were observed 
during cooling with either nitrogen or hydrogen- 


soaked specimens. Moreover, when the dilato- 
meter was re-immersed in the isothermal bath, 
the original reading was obtained in every case. 
Also, reheating of isothermally transformed speci- 
mens to 650°C. had been carried out and no 
significant changes as shown by dilatation were 
found ; the heating curves obtained were identical 
between hydrogen- and nitrogen-soaked speci- 
mens. If there was any residual austenite present 
in hydrogen-soaked and isothermally transformed 
specimens, it would decompose on air-cooling or 
reheating, such that the expansion resulting from 
residual austenite decomposition would be expec- 
ted to make up the discrepancy observed during 
isothermal transformation. 

When the results given in Fig. 59 were plotted 
to show the temperature/time/transformation 
relationship, Fig. 61 was obtained. In this case, 
the actual time taken for the specimen to reach 
the temperature of the isothermal bath has been 
calculated from the calibration curve, and it will 
be seen that for this steel there was no induction 
period below 500° C. The optimum temperature 
of transformation in the pearlitic region corre- 
sponded to 700° C., and the transformation was 
very sluggish at the 500-550°C. temperature 
range. 

The hardness of nitrogen- and hydrogen-soaked 
specimens similarly transformed in the isothermal 
bath was found to be identical ; the values for 
different temperatures are included in Fig. 61. 
As might be expected, the hardness increased with 
a decrease of the temperature of isothermal trans- 
formation, the only exception being that obtained 
on the specimen transformed at 400° C., which was 
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Fic. 60—Contraction from 950° C. to temperature of 
isothermal bath for 0: 20% carbon, 3-02% chromium 
steel, CR5, 


JUNE, 1947 


TRANSFORMATION CHARACTERISTICS IN STEEL 





bo 


-] 


w 





i Paul re 
j ah bw 4 
| { / 
700) i & 180 
' ae ~~ 
600} ~ ~~ 2, 
| \ 4 
f . rot tronsformaticl sy i 
89:00 1° 
9 500, a SO% trans 3 
; ! ek 
j ae ee 1. z= 
Pe 
ADO} F365 
| \ 
E / 440 
| \ 
JOO} . 435 VPN 
» 
j WwW. 
209 490 VP . 
| 3 S . x x 
} E | - E > » 4 
. wis) we Q ~ In 
ak - hae pe a at we ‘ae no 
Laz time, se 
Fie. 61—S-curves for 0°20 carbon, 3-029, chromium 


steel CR5, soaked at 950° C. for 4 hr. (grain-size 
A.S.T.M. No. 6), as determined by dilatometric 
measurements 


softer than those correspondingly treated at 450 
or 480° C. 

No difference was observed in microstructures 
between hydrogen- and nitrogen-soaked specimens 
after isothermal transformation. To illustrate the 
change of structure with temperature of iso- 
thermal treatment, some of the microsections for 
nitrogen-soaked specimens are given in Fig. 62. 

It will be seen that the transformed structure 
of this steel at 700° C. consisted of pearlite grains 
enclosed by a network of pro-eutectoid ferrite 
(Fig. 62a). As the isothermal temperature was 
lowered, the pearlitic structure became dispersed 
(Fig. 62 b and c). At 500° C., however, preferen- 
tial separation of carbide occurred at the grain 
boundaries (Fig. 62d), and the same feature was 
observed at 480°C. (Fig. 62e). It may be 
recalled from Fig. 59 that at both 500° and 
480°C. the dilatation curves revealed two 
separate stages of transformation. The first stage 
was a rapid reaction occurring almost immediately 
the specimen reached the temperature of the 
bath, whilst the second stage did not take place 
until a certain period elapsed after the completion 
of the first transformation. The microstructure 
shown in Fig. 62f was obtained on a specimen 
water-quenched from 480° C. after the apparent 
completion of the first change, and it will be seen 
that no carbide separation was visible at the 
grain boundaries. The first reaction was therefore 
that of the precipitation of acicular ferrite. 
Fig. 62g was obtained on similar specimens, with 
the exception that the time of treatment at 
480° C. corresponded to approximately “ half- 
way ” of the second stage of transformation, and 
in this case the presence of a carbon-rich phase 
at the grain boundaries was evident. Below 
480° C., the microstructure of the transformed 
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specimen underwent a sudden change, and this 
is clear when Fig. 62h is compared with Fig. 62e. 
Fig. 62h was obtained on a specimen after holding 
at 450° C. for 24 hr. It will be seen that a carbon- 
rich phase, similar to that observed at 480° C., is 
visible at the grain boundaries. It should be 
pointed out that this phase was present only when 
the specimen was held in the isothermal bath for 
a considerable period—10 hr. or more—after the 
apparent completion of transformation. During 
this period the dilatation of the specimen (see 
Fig. 59) showed a very small but gradual ex- 
pansion, although the main transformation was 
rapid and was apparently completed within 5 min. 
If similar specimens were removed from the 
isothermal bath within 1} hr., no such carbon-rich 
phase was visible. The specimen transformed at 
350° C. is shown in Fig. 627, in which the carbides 
are seen to be very finely dispersed. In general, 
the microstructures as shown are in keeping with 
the view that the lower the temperature of trans- 
formation the more difficult is the carbon diffusion 
and the more finely dispersed will be the resulting 
carbide distribution. 

Whilst micro-examinations are useful in reveal- 
ing the general structure of the steel, they do not 
give an inside view of the nature of the trans- 
formation products. It is known that in chromium 
steels, provided that the chromium/carbon ratio 
is adequate, the carbon present in the steel could 
exist as chromium carbide or as cementite, 
according to the treatment. More recently, 
experiments along this line have been extended 
to isothermally transformed specimens by Ameri- 
can workers,°® and the results are now available. 
Nevertheless, it was considered that, owing to 
the fundamental importance of this feature, 
confirmation of the results given by the American 
workers would not be out of place, especially if 
any possible effect which hydrogen might have 
upon carbide formation in steel under the present 
experimental conditions were borne in mind. 

Electrolytic separation of carbides was carried 
out in a 5% hydrochloric acid bath, using a 
platinium sheet as the cathode and the specimen 
as the anode. A current of 1 amp. was used, which 
gave a current density of 0-115 amp./sq. cm. 
The residue obtained, which consisted of carbide 
powders, was carefully washed and dried before 
being used for X-ray examination. Powder photo- 
grams were obtained by means of a 9-cm. camera, 
using chromium-K radiation. No difference was 
found between powders separated from nitrogen- 
and hydrogen-soaked specimens, and the results 
as shown in Fig. 63 apply for both cases. 

It will be seen that at 500°C. or above, the 
carbide present in the transformed product was 
almost exclusively Cr,C;, which possesses a 
tetragonal lattice. Cementite was found to be 
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the only carbide phase present when the specimen 
was transformed at 450° or 400° C. Below 400° C., 
the cementite patterns obtained were usually weak 
and very diffused, and, therefore, have not been 
reproduced. The pattern obtained for 480° C., 
as given in Fig. 63, showed the presence of Cr,C, 
as well as cementite, and attention must be 
drawn to the fact that the specimen examined 
was only partly transformed when it was removed 
from the isothermal bath. The time of isothermal 
treatment given to this specimen was 9 days, 
whereas 12 days were found necessary for com- 
plete transformation at such a temperature. The 
results justify the conclusion that, for this steel 
treated under isothermal conditions, 480° C. 
appears to be the critical temperature below which 
chromium carbide will not form. 


54% Nickel Steel, N22 

Dilatation curves showing the isothermal trans- 
formation processes of the 34% nickel steel, N22, 
at various temperatures are given in Fig. 75, 
in which the curves for the hydrogen-soaked 
specimens are represented by broken lines. 

The main difference between this steel and C.R5 
lies in the characteristics of the transformation 
curve obtained at 500°C. As shown in Fig. 75, 
the transformation at 500°C. was a continuous 
process and the time taken for completion was 
considerably shorter than for CR5 at the corres- 
ponding temperature. Also, the transformation 
below 500° C. for this steel was not unduly rapid, 
and, in view of this, the suppression of the trans- 
formation by quenching under the experimental 
conditions was complete, with the exception of 
at temperatures of 250°C. or lower. This is 
shown in Fig. 76, from which it will be seen that 
the linear relationship between the contraction 
of the specimen and the temperature of the 
isothermal bath was maintained down to 300° C. 

As in the case of CR5, the contraction between 
950° C. and the bath temperature shown by 
hydrogen-soaked specimens was generally greater 
than for the corresponding nitrogen-soaked speci- 
mens. Here, the effect seems to be more marked 
when the bath temperature employed was higher. 
On the other hand, the net expansion on trans- 
formation from 500°C. downwards was always 
less for hydrogen-soaked specimens, and such 
discrepancies became greater with the lowering 
of the bath temperature. For instance, at 250° C. 
the difference in the amount of expansion at the 
transformation was approximately 15°% of the 
total expansion given by the transformation of 
the nitrogen-soaked specimen. As with CR5, the 
possibility of retained austenite in hydrogen- 
soaked and isothermally transformed specimens 
was disposed of by similar experiments. 
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Fie. 62—Lsothermal-transformation structures for steel CR5: (a) 700° C.; completely transformed 
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Fig. 63—Powder photograms of carbides electrolytically separated from steel CR5 after isothermal transformation at various temperatures. Cr—K radiation 














Fig. 64—Isothermal-transformation structures for steel N22: (a) 600° C.; completely transformed. (4) 500° C.; completely transformed, 
(e) 450° C.; completely transformed. (d) 400° C.; completely transformed. (¢) 350° C.; completely transformed. (f) 800° ©.; 
completely transformed. (yg) 300°C.; partially transformed (500 sec.). (A) 200° C.; completely transformed. Etched withnital. >» 750 
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Fig, 65—Steel CR1. (a) Air-cooled to 100° C. in 61 min. and immediately softened ; () air-cooled to room 
temperature in 105 min. and immediately softened ; (¢) air-cooled toroomtemperature, aged and softened 





Fic. 66—Steel CR1. (a) Air-cooled to 100° C., aged at 100° C. for 2 hr. and softened ; () air-cooled to 125 
C., aged at 125° C., for 2 hr. andsoftened ; (c) air-cooled to 140° C., aged at 140° C. for 2 hr., and softened 





() (c) (a) 


aged for 1 week, and then softened ; (b) air-cooled toroom temperature in 110 min. 


67—Steel J2. (a) Air-cooled to room temperature 
in 50 min. and 


and immediately softened ; (¢) air-cooled to 100° C.in 60 min. and immediately softened ; (d) air-cooled to 150° C. 
immediately softened 








(2) (s) (-) 


F1G. 68—Steel J2. (a) Air-cooled to room temperature in 110 min., aged, andsoftened ; (b) cooledin vacuum 
to room temperature in 3} hr., aged for 1 day, and softened; (¢) slowly cooled in vacuum to room temper- 
ature in 8-9 hr., aged for 1 day, and softened 


Fias. 65 to 68—Cracks in isothermally treated specimens 
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FiG. 69—Hardness distribution in end-quenched specimen; FIGs. 70 to 74—Hardness and crack distribution in end-quenched specimens 
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HYDROGEN 


The time/temperature/transformation relation- 
ship of this steel, based upon dilatometric results 
and corrected for the time taken for the specimen 
to reach the temperature of the isothermal bath, 
is plotted in Fig. 77. Attached to the same graph 
are the hardness values of the transformed 
specimens. These values apply both for nitrogen- 
and hydrogen-soaked specimens, and they show a 
progressive increase with the decrease of the 
transformation temperature of the specimen. 

It will be seen in Fig. 77 that there was no 
optimum temperature of transformation in the 


pearlitic range and that the maximum rate of 


reaction occurred at the intermediate zone in the 
vicinity of 400°C. The small peak at 500° C., 
which is particularly marked on the curve showing 
the ending of the transformation, is probably due 
to the fact that this steel contained 0-16% of 
chromium. 

Since the microstructure for hydrogen- and 
nitrogen-soaked specimens was found to be 
identical, the sections shown in Fig. 64 are 
representative of both treatments. In general, 
the structures obtained are typical for a steel of 
this type. Thus, ferrite and fine pearlite were the 
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Fic. 75—Dilatation curves at various temperatures for 
steel N22, soaked at 950° C. for 4 hr. 
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steel, N22, from 950° C. to temperature of isothermal 

bath 
products of transformation at 600°C. (see Fig. 
64a). On lowering the temperature of isothermal 
treatment to 500°C., the pearlite observed 
consisted of small areas distributed in the ferritic 
matrix, as shown in Fig. 64b. Below 500° C. the 
microstructure showed a marked change com- 
mensurate with the considerably faster rate of 
reaction, as already indicated in Fig. 77. Typical 
microsections for 450°, 400°, and 350° C. are given 
in Fig. 64 c, d, and e respectively). Although the 
microstructure obtained at 300°C. assumes an 
acicular appearance, as shown in Fig. 64f, it 
cannot be taken as martensite. Perhaps this is 
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obtained on a similar specimen removed from the 
isothermal bath when the transformation was not 
complete. In this case the dark bainite stands out 
in contrast to the lightly etched martensitic 
background. A typical martensitic structure of 
this steel as obtained by isothermal transformation 
at 200° C. is shown in Fig. 64h for comparison. 

X-ray examinations of carbide powders separa- 
ted from the isothermally transformed specimens 
showed that, in all cases, only cementite was 
present, and there was no difference between the 
results obtained for nitrogen- and hydrogen- 
soaked specimens. As might be expected, the 
cementite lines became more diffused when the 
temperature of isothermal treatment was lowered. 

To summarize the results obtained on isothermal 
transformation of CR5 and N22, it can be said 
that, insofar as transformation rate is concerned, 
the only effect which hydrogen imposed was the 
slight retardation observed with CR5 at 700° C. 
This confirms earlier results! obtained with a 
nickel-chromium—molybdenum steel, when a 
similar effect was observed at 550°C. In the 
present work, the hydrogen-soaked specimen 
generally showed a greater contraction on cooling 
from the soaking temperature to the temperature 
of the isothermal bath. This phenomenon is not 
explained on the assumption that hydrogen 
increases the heat conductivity of the specimen 
and thereby increases the efficiency of quenching. 
The other possibility is that hydrogen expands 
the austenite lattice, thus giving rise to a.greater 
contraction on a falling temperature when hydro- 
gen is evolved. Against this, however, is the fact 
that no change in dilatation was found when 
hydrogen was introduced into the specimen during 
heating and soaking. 

Another anomalous feature is that, for certain 
temperatures of isothermal transformation, the 
hydrogen-soaked specimen showed less expansion 
at the transformation. As already described, it 
appears that the discrepancy cannot be attributed 
to retained austenite. It is important to point out 
that, after treatment, all specimens were found 
to be free from oxidation, and decarburization at 
the surface of the specimen, if anything, was 
slight and applied equally for hydrogen- and 
nitrogen-soaked specimens. 

The real significance of these two phenomena 
cannot be explained at the present stage. 


EFFECT OF HYDROGEN UPON MECHANICAL 
PROPERTIES OF STEEL 
In a previous paper! experiments were described 
detailing the effect of hydrogen upon the mechani- 
cal properties of various steels in the air-cooled 
condition. It was found that in low-alloy steels 
in general, the presence of hydrogen imposed a 
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marked effect on ductility, as shown by tensile 
tests. This effect varied from one steel to another, 
No attempts were made, however, to determine 
in a systematic and quantitative manner the 
relation between hydrogen content and mechanical 
properties of the steel for a given structure. 
Experiments to be described here were primarily 
intended for this purpose. 

Steels CR5 and N22 were used because their 
respective chromium and nickel contents represent 
the two most important and common bases for 
low-alloy steels. Preliminary tests showed that, 
provided that suitable treatments were given, 
both steels were reasonably ductile, which rendered 
any embrittlement effect due to hydrogen to be 
detected easily. 

Standard tensile test-pieces were soaked in pairs 
in two separate refractory tubes within the same 
furnace, hydrogen and nitrogen being passed 
through them respectively. After 24 hr. soaking 
at 950° C., both specimens were either air-cooled 
or quenched in an isothermal bath simultaneously. 

For the isothermal treatment of CR5, tempera- 
tures of 350° and 700° C. were chosen. Previous 
experiments carried out on small specimens 
showed that for this steel the transformation was 
completed at 700° C. in about 10 min. and that at 
350° C. a matter of 2 min. seemed to be sufficient. 
To ensure complete transformation and to allow 
for any effect which a larger size of tensile test- 
piece might have upon the time of transformation, 
20 min. were given for the 700°C. isothermal 
treatment, and at least 10 min. for the trans- 
formation at 350°C. For the steel N22, 400° C. 
was chosen as the temperature of isothermal treat- 
ment, and a minimum time of 20 min. was allowed 
for the transformation. In all cases longer times 
in the bath were used in order to vary the hydrogen 
content of the specimen. 

After the isothermal treatment, both the 
hydrogen-soaked and the control test-piece were 
quenched simultaneously in brine. Tensile tests 
were carried out within 1 hr. from the time when 
the specimens were removed from the bath. 

In another series of experiments, cathodic 
treatment in a 5% H,SO, electrolytic bath was 
employed to introduce hydrogen into fresh tensile 
test-pieces. To ensure uniformity and to obtain 
a given structure, the specimens were given the 
following preliminary treatment before entering 
the electrolytic bath. Four or five test-pieces, as 
available, were soaked in a batch in nitrogen at 
950° C. for 24 hr., after which they were quenched 
in an isothermal bath controlled at an assigned 
temperature. The specimens were subsequently 
removed and quenched in brine after a sufficient 
length of time in the bath had been allowed for 
complete transformation. 
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For the cathodic treatment, a current of 5 amp., 
supplied by a 6-V. D.C. rectifier, was used. The 
arrangement was similar to that previously 
described for the diffusion of hydrogen at room 
temperature, with the exception that in this case 
the specimen was completely immersed in the 
bath and the time of treatment was limited to 
24 hr. for all specimens. In order to vary the 
hydrogen contents, the specimens were subse- 
quently heated in boiling water for various periods 
of time before testing. 
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The tensile results for hydrogen- or nitrogen- 
soaked and isothermally transformed specimens 
are given in Table XV, and those obtained on 
electrolytically treated test-pieces in Table XVI. 
In both tables the hydrogen figures attached were 
determined from the corresponding broken tensile 
pieces immediately after testing. 

It will be seen from Table XV that hydrogen 
had no effect whatever upon the maximum stress 
the limit of proportionality, and the proof stress 
of the 3°, chromium steel, CR5, whether the 


TaBLE XV—T'ensile-Test Results for Steels after Various Treatments in Hydrogen or Nitrogen 


Limit of 
Proportion- 


Steel ot Treatment | ality, 
tons/sq. in. 
|OR5 | H, | 24 hr. at 950° C. and A.C. 12-0 
| No 24 hr. at 950° C. and A.C. 12-0 
| 
CR5 | H, | Soaked at 950° C. for 24 hr., 35-0 
quenched in isothermal! bath 
N, j)| at 350°C., kept in bath for 34-0 
10 min., and W.Q. 
CR5 H, | Asabove, but kept in bath for 36-5 
2 20 min. and W.Q. 36°5 
CR5 H, As above, but kept in bath for 36-0 
N, 70 min. and W.Q. 36-0 
| ORS H, As above, but kept in bath for 30-0 
N, 150 min. and W.Q. ... _... 30-5 
CR5 H, Soaked at 950°C. for 24 hr., | 6: 


N2 quenched in an isothermal 6: 
bath at 700° C., kept in bath 
for 20 min., and W.Q. 

As above, but kept in bath for 


|CR5 | H, 





N, 25 min. and W.Q. 
CR5 H, As above, but kept in bath for 13-5 
m 30 min. and W.Q. 14-0 
| 
| N22 H, Soaked at 950° C. for 24 hr., 30-0 
| | quenched in an isothermal 
| N, } bath at 400° C., kept in bath 29-0 
for 10 min., and W.Q. 

| N22 | H, As above, but kept in bath for 31-0 
| Ne 15 min. and W.Q. 27-0 
| N22 | H, As above, but kept in bath for 34°5 
| H, 25 min. and W.Q. 
| ie 34-0 
1 N22 H, | Asabove, but kept in bath for 30-0 
| N, 35 min. and W.Q. 32-5 
| N22 | H, | Asabove, but kept in bath for | 32-0 
| | N, | 50min. afd W.Q. | 31-0 

N22 H, | As above, but kept in bath for | 33-0 
| | Nz 90 min. and W.Q. | 31-2 
oe. 
| 18/8 | H, | Soaked at 950°C. for 24 hr. | 
| | Ne and W.Q. | 
less | 
a | | 
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Breaking 
Proof Maximum Stress on Reduction | Elongation ae 
Stress, Stress, Re duced of Area, on 2 in., H yaaa! 
tons/sq. in. tons/sq. in Area, > % ” 
tons/sq in 
31-4 61-2 65- o°p 3° 5 3°52 
8-8 61-2 94-5 47-1 18-0 
49-2 70-0 61-9 22-4 9-0 3°77 
0-0 70-0 107-0 97-0 13-3 
48-8 68-2 87-4 29-1] 10-4 2-56 
48-8 68-0 106-0 55-6 12-0 , 
47-5 68-4 89-1 41-6 14-1] 1-47 
49-2 68-2 102-8 57-2 15-6 
45-5 64-4 95-0 §2°5 14°6 1-20 
46-0 65-3 98-6 56-8 15:6 
15-8 35-0 54-4 44-8 20-0 3-02 
16-0 35-6 63-9 57-5 21-0 
41-0 64-7 56-0 6-0 1-8] 
ees 41-0 83-0 72-9 27:4 a 
24-0 41-2 79-5 64-8 25-0 0-97 
23-8 40-0 83-3 73-1 27-5 
42-5 60-6 69-1 13-4 7:3 2-44 
39-5 8-4 85-8 52-5 18-8 
41-0 57-0 67-8 22-7 11-5 2-24 
36-0 56°8 80-2 52-7 20-8 ee 
45-0 63-2 82-9 34-4 12-5 ]-41 
: 61-6 81-1 33-0 13-0 1-35 
41-8 61-2 95-7 54°9 18-0 Pe 
41-5 58-0 78-1 41-6 15-6 1-30 
42-0 59-4 89-7 53-2 18-7 * 
44-0 62-0 90-3 47-7 16-7 0-98 
40-0 58-4 87-4 56-0 L8-7 ee 
3-0 59-2 89-7 53-2 17-5 0-43 
40-2 58-6 87-1 56°1 18-6 
37-6 94-3 68-2 62-5 6-79 
37-6 91-6 68-1 61°5 
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specimen was air-cooled or transformed under 
isothermal conditions. With the 3}°% nickel steel 
N22, however, these three properties seem to be 
slightly greater, if anything, for hydrogen-soaked 
than for nitrogen-soaked specimens, but it should 
be pointed out that such differences are inconsis- 
tent with respect to the hydrogen contents. The 
breaking stress of the hydrogen-treated specimen, 
when calculated on the reduced area, was generally 
smaller than that of the control specimen, and 
this is to be expected in view of the difference in 
the reduction of area. Both elongation and reduc- 
tion of area were affected markedly by the presence 
of hydrogen; perhaps such effects are more 
explicitly ilustrated as graphs in Figs. 78, 79, and 
80, in which the ratios between figures obtained 
for hydrogen- and nitrogen-soaked specimens are 
plotted against the respective hydrogen contents. 


ANDREW, LEE, LLOYD, AND STEPHENSON : 


Figs. 78 and 79 show that the effect of hydrogen 
upon the elongation and reduction of area of 
CR5 was different for the two different tempera- 
tures of isothermal treatment. For a given hydro- 
gen content, the effect was found to be much 
greater for specimens isothermally transformed 
at 350°C. than for those similarly treated at 
700° C. Also, it is shown in Figs. 78 and 79 that 
hydrogen affects elongation and reduction of area 
of CR5 in slightly different ways. Thus, as shown 
in Fig. 78, a hydrogen content of the order of 
2 c.c./100 g., or less, does not seem to produce a 
very marked effect upon the elongation, although 
the reduction of area falls off rapidly at this 
initial stage. When the hydrogen content of the 
specimen was more than 2-5 c.c./100 g., the effect 
upon the reduction of area became less, but the 
elongation began to drop more quickly. Similarly, 


TaBLE XVI—Tensile-Test Results for Steels CR5 and N22 after Electrolytic Treatment and Tempering 
at 100° C. 


Ex 





Time of Limit of 
Steel Treatment big 50 =a 
min. tons/sq. in. 
CRS Soaked in Ny, at 950° C. for bee 36-0 
24 hr., quenched in an 
isothermal bath at 350° C., 
kept at 350° C. for 70 min., 
and W.Q. ; 
CR5 | Asabove, but treated catho- 0 35-5 
| dically in a 5% H,SO, 
electrolytic bath for 24 hr. 
CR5 10 37-0 
CR5 > 90 34-5 
CR5 300 34-0 
CR5 | Soaked in N, at 950° C. for 
24 hr., quenched in an iso- 
thermal bath at 700° C., 
kept at 700° C. for 60 min., | 
and W.Q. | 
CR5 As above, but treated catho- 0 
dically in a 5% H,SO, | 
electrolytic bath for 24 hr. | 
CR5 a * 55 > 10. | 
CR5 ss 180 
N22 Soaked in N, at 950° C. for | | 32-0 
24 hr., quenched in an iso- | | 
thermal bath at 400° C., | | 
kept at 400° C. for 40 min., 
and W.Q. | 
N22 | Asabove, but treated catho- 0 33-0 
dically in a 5% H,SO, 
electrolytic bath for 24 hr. | 
N22 | 30 | 34-0 
N22 | 60 32-5 
N22 ~ ; 210 32-5 
N22 360 32-0 
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Breaking 
Proof Maximum Stress on Reduction Elongation oie 
Stress, Stress, Reduced of Area. on 2 in.. apy nt, 
tons/sq. in,  tons/sq. in. Area, % oO sais ake 
tons/sqy. In, 
49-2 68-2 102-8 57-2 15-6 
| 
| 46-8 47-3 1-] 1+] 3°96 
is 68-0 72:9 6-68 1-5 2-45 
50-0 71-2 91-3 32°] 11-0 | 1-06 
50-4 69-0 97-3 41-6 11°5 0-98 
| 34-0 79-5 74-8 31-0 
| 
| 
31-6 57-7 51-5 27-0 2-72 
| | 
| | 
| | 34-4 58-7 56-1 27-0 2-48 
| 32-0 67-1 61-9 | 27-0 2-10 
| | | | | 
| 41-5 | 60-2 92-8 53-4 19-2 
| 
| | 
| | | 
| | | 
| 
| 43-0 | 55-2 58-3 5-2 3-1 2-04 
| | 
| | 
‘ — ier _ 
| 42-5 | 60-0 78-4 30-6 13-0 | 1-27 
43-0 | 61-°8 | 81-0 30-9 14-0 a 
| 44-2 | 59-6 | 885-9 41-4 17-0 0-76 
| 39-3 | 56-2 | 82-2 | 43-5 15-5 | 0-66 
| 
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it will be seen in Fig. 79 that, with CR5 trans- 
formed at 700° C., a hydrogen content of anvthing 
up to 3 c.c./100 g. had no effect upon elongation 
whatever, whereas the reduction of area showed 
an early drop when the hydrogen content of the 
specimen was only about 2 ¢.c./100 g. 

From Fig. 80, in which results obtained for N22 
isothermally transformed at 400°C. are repre- 
sented, it will be noted that the effect of hydrogen 
upon elongation and reduction of area was equally 
marked, and the trend of the two curves was 
similar. For this steel, both elongation and 
reduction of area showed a marked drop, corre- 
sponding to a hvdrogen content of approximately 
1-4 ¢.c./100 g., which is indicated by the dis- 
continuity of the two curves shown in Fig. 80. 
The experiments were repeated no less than three 
times, and identical results were obtained. It is 
not possible, however, to explain the full signifi- 
cance of this discontinuity. 

The results for electrolytically treated speci- 
mens of CR5 and N22, shown in Table XVI, 
agree in general with those obtained by isothermal 
treatment. Thus, hydrogen had relatively little 
effect upon the maximum stress, limit of pro- 
portionality, or proof stress of the two steels. 
The only exception in this case was that specimens 
fresh from the electrolytic bath usually showed 
an appreciably lower maximum stress compared 
with the control specimen, but the normal value 
was recovered after tempering at 100° C., with 
slight loss of hydrogen. 

As before, the elongation and reduction-of-area 
results given in Table XVI are plotted as ratios, 
in Figs. 81 and 82. The loss of hydrogen from 
electrolytically treated tensile test-pieces of N22 
at 100° C. with time is shown in Fig. 83. 

Fig. 81 shows that for CR5 pretreated to trans- 
form at 350° C., the elongation and reduction-of- 
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area results obtained on electrolytically treated 
specimens could be represented by one curve, the 
effect of hydrogen being most marked at the 
initial stage of 1 ¢.c./100 g. or so. With specimens 
pretreated isothermally at 700 C., the effect was 
very much smaller and was similar in many 
respects to that observed for hydrogen-soaked 
and correspondingly treated specimens. 

In Fig. 82 it will be seen that with electrolytic 
treatment of N22, both elongation and reduction 
of area dropped off rapidly as the hydrogen 
content of the specimen increased. As with 
hydrogen-soaked specimens, the two curves show- 
ing elongation and reduction of area, respectively, 
closely follow each other. Since there are no 
experimental points on the curve between hydro- 
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experiments were not possible because of the 
exhaustion of the stock of this steel. 

To return to Table XV, it is clear that hydrogen 
had no effect upon the mechanical properties of 
the austenitic 18/8 stainless steel. With low- 
alloy steels in ferritic condition, results so far 
obtained seem to indicate that the effect of 
hydrogen, insofar as embrittlement is concerned, 
varies not only with the composition of the steel 
but also with the treatment. For a given content, 
the embrittlement effect of hydrogen upon 
CR5 was found to be greater when the specimen 
was air-cooled than when it was isothermally 
transformed. Similarly, results obtained on 
CR5 showed that the nature of the transformed 
product was important in this respect, since 
specimens transformed at 700° C. were definitely 
less brittle than those isothermally treated at 
350° C., for similar hydrogen contents. 

It may well be said that the tensile strength of 
CR5 isothermally treated at 700° C. was consider- 
ably less than that of the same steel transformed 
at 350° C., and that the effect of embrittlement 
due to hydrogen upon the former would therefore 
be expected to be less, but, in view of the results 
shown by air-cooled specimens, these are not 
compatible with the facts. 

It would seem that the nature of the trans- 
formed product and the uniformity of the struc- 
ture must be taken into account. From the 
structural point of view, the general structure 
obtained by isothermal treatment may be regarded 
as more uniform and homogeneous than that of 
air-cooled specimens, and the effect of hydrogen 
upon a mixed or heterogeneous structure would 
seem to be more detrimental than upon a homo- 
geneous one. As regards the nature of the trans- 
formed product, it has been shown that when CR5 
was transformed at 700°C. the carbide in the 
transformed product was exclusively Cr,C,, where- 
as iron carbide was found in the steel when the 
temperature of isothermal treatment was lower 
than 480° C. Without dwelling upon the relatively 
unknown factor of the effect of differences in 
carbide particle size, it appears that, since 
chromium carbides are more stable and more 
resistant to hydrogen attack than iron carbide, 
less embrittling effect might be expected in the 
presence of hydrogen when C'R5 was treated at 
700° C. than when transformed at 350° C. 

The fact that a greater effect of embrittlement 
was observed when the introduction of hydrogen 
into the specimen was effected by cathodic treat- 
ment instead of soaking is undoubtedly due to the 
difference in gradients of hydrogen concentration 
between the surface and centre of the specimen. 
With specimens freshly treated in the electrolytic 
bath, the highest concentration of hydrogen would 
be near the surface, and the apparent embrittle- 
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ment effect upon the specimen would be expected 
to be greater than the average hydrogen content 
indicates. The reverse would be true for hydrogen- 
soaked and isothermally transformed test-pieces. 


MISCELLANEOUS EXPERIMENTS 


Temperatures of Crack Formation in Air-Cooled 
Specimens 


(1) 1-25% Chromium, 1°%, Carbon Steel, CR1 


Standard specimens of the 1-25% chromium, 
1% carbon steel, CR1, were used with a small 
axial hole about ? in. deep at one end, and after 
soaking for 24 hr. at 1100°C. in hydrogen they 
were air-cooled to different temperatures, measured 
by an inserted thermocouple. At the same time 
a large muffle was maintained at 700° C., and 
as soon as the specimen was cooled to the required 
temperature it was quickly transferred to the 
muffle. The conditions were such that the 
specimen attained 700° C. in less than 15 min. 

Fig. 65 shows the etched transverse sections 01 
three specimens treated as follows : (a) Air-cooled 
to 100° C. in 61 min. and immediately reheated to 
700° C., (6) air-cooled to room temperature i 
105 min. and immediately reheated to 700° C. 
and (c) air-cooled to room temperature, aged for 
14 days, and then softened at 700° C. 

Specimen (a) showed no cracks, and specimen 
(b) showed many typical hair-line cracks, but 
rather less in number than in specimen (c). Fron: 
these results it is clear that, for the standard size 
of specimen, cracks in CR1 were formed ani 
almost completed during air-cooling betwee: 
100° C. and room temperature. 

In order to determine the critical temperature 
above which cracks will not form in this steel. 
further experiments were carried out as follows : 
A number of specimens were air-cooled to, anc 
subsequently maintained at, the required tempera 
tures in a controlled furnace for a sufficient length: 
of time to allow the cracks to form. Withou: 
allowing the specimens to cool down, they were 
then directly transferred to an electric muffle. 
which was kept at 700°C. Fig. 66 shows some 
of the sections. It will be seen that the specimen 
which was air-cooled to 100° C. and aged at that 
temperature showed many deep-seated random 
cracks ; at 125° C. the specimen contained a few 
cracks, and at 140° C. there was only one crack 
in the section. Specimens which were air-cooled 
to, and aged at, 150° C. or higher for 24 hr. before 
softening at 700° C., showed no cracks whatever. 
It would appear, therefore, that with this particu- 
lar specimen-size and steel, 150° C. is the critical! 
temperature above which hair-line-crack forma- 
tion will not take place. 
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(2) 3-33% Manganese, 0.35% Carbon Steel, J2 

The experimental procedure for the 3-33%% 
manganese, 0-35°% carbon steel, J2, was the same 
as that adopted for steel CR1, the only exception 
being that 650°C. instead of 700°C. was used 
as the softening temperature. Fig. 67 shows some 
of the etched sections; these were treated as 
follows : (a) Air-cooled to room temperature, aged 
for one week and then softened, (6) air-cooled to 
room temperature in 110 min. and immediately 
softened, (c) air-cooled to 100° C. in 60 min. and 
immediately softened, and (d) air-cooled to 150° C. 
in 50 min. and immediately softened. 

Specimen (a) showed numerous internal cracks 
in random distribution throughout the section. 
Specimens (b), (c), and (d) showed no internal 
cracks, although many “ pits ’’ were observed, and 
surface cracks were present in specimens (b) and 
(d). These results indicate that for steel J2, and 
with the particular size of specimen, crack forma- 
tion did not occur during cooling, but took place 
on ageing at room temperature. 

In another series of experiments, similar speci- 
mens were air-cooled to various temperatures and 
held at the temperature for 2 hr. Without allowing 
them to cool down, the specimens were directly 
transferred to a separate furnace already con- 
trolled at 650°C. The results obtained are 
summarized as follows : 

SPECI- 
MEN REMARKS 

1 Air-cooled to 300° C. in 21 min., held at 300° C. for 
2 hr. and quickly reheated to 650° C., maintained 
at 650°C. for 1 hr. and then cooled. Many 
‘** pits ’’; no cracks. 

2 Air-cooled to 250° C. in 28 min., held at 250° C. for 
2 hr. and quickly reheated to 650° C., maintained 
at 650°C. for 1 hr. and then cooled. Many 
‘pits’; no cracks. 

3 Air-cooled to 200° C. in 40 min., held at 200° C. for 
2 hr. and quickly reheated to 650° C., maintained 
at 650° C. for 1 hr. and then cooled. Numerous 
“pits ’’; no cracks. 

4 Air-cooled to 150° C. in 50 min., held at 150° C. for 
2 hr. and quickly reheated to 650° C., maintained 
at 650° C. for 1 hr. and then cooled. Six internal 
cracks and many “ pits.” 

It would seem, therefore, that for this steel and 
the particular specimen size, 200° C. appears to 
be the critical temperature above which crack 
formation does not occur. If this is taken into 
consideration with the results obtained for the 
chromium steel, CR1, it becomes evident that, 
for a given size of specimen and under similar 
conditions, the temperature of crack formation 
depends upon the composition of the steel. 


(3) Ejfect of Rate of Cooling upon Crack Formation 
in the 3- 33% Manganese, 0-35°, Carbon Steel J2 
The etched sections of the air-cooled specimen 

of the 3-33°% manganese, 0-35°%, carbon steel, J2, 
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and those used in the “ evolution ” experiments 
are discussed here to illustrate the effect of the rate 
of cooling upon crack formation. Fig. 68 shows 
the following three etched transverse sections of 
specimens treated as follows: (a) Air-cooled to 
room temperature in 110 min., aged, and softened, 
(5) cooled in vacuum to room temperature in about 
34 hr., aged for 1 day, and softened, (c) slowly 
cooled in vacuum to room temperature in 8-9 hr., 
aged for 1 day, and softened. As might be 
expected, slower rates of cooling resulted in less 
cracks in the specimen ; for instance, specimen (a) 
showed numerous cracks spread throughout the 
section, specimen (b) showed many small deep- 
seated and random cracks, but definitely less in 
number than in specimen (a). In specimen (c) 
there were only three definite cracks, although 
some of the “ pits ’’ present in the specimen could 
almost be identified as very short cracks. 

The hydrogen content of specimen (a) was not 
determined, although hardness values obtained 
on specimens (a) and (5), as shown in Table VI, 
indicated that a considerable amount of austenite 
might have been retained in the air-cooled speci- 
men. The difference in behaviour towards crack 
formation between specimens (4) and (c) is difficult 
to explain, since their difference in hydrogen 
content was small (3-54 ¢.c./100 g., as compared 
with 3-33 c.c./100 g.) and the thermal and dilato- 
metric measurements taken on them during 
cooling did not exhibit any marked divergencies 
from each other, as shown in Figs. 6 and 24, 
respectively. 


End-Quenched Test and Crack Formation in 
Hydrogen-Soaked Chromium Steels 

Specimens of 1? in. dia. by 4 in. long were 
soaked in hydrogen for 24 hr., after which they 
were quenched at one end in a manner similar 
to Jominy’s hardenability test. To eliminate any 
effect which might be due to decarburization, at 
least } in. thickness of the material was carefully 
ground off to give a flat surface in the longitudinal 
direction for hardness determination. The speci- 
mens were then softened, and sectioned longitudi- 
nally for cracks. 

Hardness curves and photographs of the etched 
longitudinal sections for a series of chromium 
steels are shown in Figs. 69 to 74 ; in all cases the 
left-hand side represents the quenched end. 

Fig. 69 shows the hardness distribution of the 
end-quenched specimen of the 1% chromium, 
0-16% carbon steel, CR3. At the quenched end 
the increase in hardness was only about 50 points 
V.D.H., and the depth of hardening was very 
small, as was to be expected from the low carbon 
content of a steel of this type. The specimen 
showed no cracks, therefore no photograph of the 
etched section has been given. 
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In Fig. 70 both the hardness and the crack 
distribution are shown for a similarly treated 
specimen of CR2, which contained 1% of chro- 
mium and 0-46% of carbon. For this steel the 
quenched end reached a hardness value of the 
order of 700 V.D.H., which represents an increase 
of nearly 400 points over the air-cooled end. In 
addition, the depth of hardenability is greater 
than with CR3. In the etched section, two types 
of cracks were observed ; those shown near the 
quenched end were more or less radial, and random 
cracks were found in the middle of the section. 
At the extreme right, where the hardness became 
constant, no cracks were present. 

As the. carbon content of the steel further 
increases, both the hardness and the crack distri- 
bution show further changes. The results obtained 
for steel CR6, illustrated in Fig. 71, show that at 
the quenched end the hardness was about 800 
V.D.H., and this value decreased suddenly to 
just over 400 V.D.H. 1} in. inwards along the 
longitudinal section. This drop in hardness might 
be due to retained austenite. Further along there 
was an increase of about 150 points, followed by 
a progressive decrease in hardness to within 1 in. 
of the air-cooled end, when it reached a constant 
value of 400 V.D.H. From the etched section it 
will be seen that, with the exception of the 
appearance of some intergranular disintegration 
near the quenched face, no internal cracks were 
present within | in. of the hardened end. A zone 
of small random cracks then occurred ‘which 
corresponded with the sudden decrease on the 
hardness curve. Cracks occupying the left half 
of the specimen shown in Fig. 71 were quite 
different, both in size and in distribution, from 
those in the first zone. 

Although CR1 differed from CR6 mainly in its 
4% chromium increment, Fig. 72 shows that the 
depth of hardenability was greater and the shape 
of the hardness curve was quite different. For 
two-thirds of the entire length from the quenched 
end the specimen was free from ‘cracks. Numerous 
small cracks in random distribution were observed 
at the air-cooled end, where the hardness was 
relatively low compared with the other half of 
the specimen. 

With the 3% chromium, 0-2% carbon steel, 
CR5, cracks were confined to the extreme quenched 
end. As shown in Fig. 73, the number of the 
cracks was few, and the distribution was such 
that it was influenced by the direction of heat 
extraction. Also, the hardness curve indicates a 
small hardenability. 

The curve and photograph shown in Fig. 74 
represent the 0-5% carbon, 3°%, chromium steel, 
Ck4,. At the quenched end the hardness was 
actually lower, being 400 V.D.H. as compared 
with the peak value of 750 V.D.H. at a distance 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


of about 1 in. inwards. After the peak, the 
hardness decreased progressively towards the air- 
cooled end. The softening of the quenched end 
could not be attributed to decarburization, since 
none of the other specimens similarly treated 
showed any appreciable depth of softening, and 
such effect, when it existed, was found to be very 
slight except at the extreme surface. The softness 
of the quenched end of CR4 was therefore most 
likely due to retained austenite. As will be 
seen in Fig. 74, cracks in the section are numerous ; 
those near the quenched end are short and small, 
and further along the specimen cracks are longer 
although fewer, extending right to the air-cooled 
end. 

These experiments indicate that carbon plays 
an important part in determining the hair-line 
crack behaviour in steel, and that the presence ot 
other alloying elements which would normally 
influence the state of the carbon also affects hair 
line-crack formation. 


DIscUSSION 

The main object of this work has been to 
establish the relation between hydrogen evolution 
and the transformation characteristics of steel. 
Curves showing this relation with respect to 22 
different steels, hydrogen-soaked and_ cooled 
in vacuum under identical conditions, are given 
in Figs. 2 to 23. In every case the relation between 
hydrogen evolution and the transformation 
temperature of the steel is marked. An increase 
in the rate of hydrogen evolution invariably 
occurs at the gamma-—alpha transformation. In 
the absence of such a transformation, as in the 


ease of the austenitic steel, AS, the rate of 


hydrogen evolution follows a smooth curve and 
varies only with the temperature. 

As might be expected, when a steel is in the 
gamma state the rate of hydrogen evolution 
decreases with the lowering of the temperature. 
At the first sign of transformation the rate 
increases, and reaches a maximum usually at the 
end of the gamma-alpha change. When this is 
completed the hydrogen evolution decreases with 
the temperature. 

The manner in which hydrogen is evolved from 
a steel depends entirely on the mode of trans- 
formation. On cooling, when a steel is undergoing 
pearlitic transformation—which occurs usually 
at a relatively high temperature, at which the 
speed of the change is generally high—the sharp 
increase in the rate of evolution at the trans- 
formation temperature is very marked, and the 
difference between the rates of evolution associated 
respectively with austenite and the transformation 
product is very pronounced. When the trans- 
formation occurs at a lower temperature, the 
nature of the gamma-alpha change is usually 
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sluggish and extends over a range of temperature. 
and in this case the rate of evolution increases 
only gradually, a maximum rate being reached 
only when the transformation is nearly complete. 
When a steel shows two separate transformations 
during cooling, as in the case of J2, there are two 
discontinuities, corresponding to the increase in 
the rate of evolution at the two separate change- 
points. In general, the maximum rate of evolution 
observed at the gamma-alpha change is less when 
the temperature of transformation of the steel is 
lower. 

Since the curves showing the rate of evolution 
and the characteristics of transformation are in 


perfect agreement, it might be expected that, if 


the rate of hydrogen diffusion both in gamma and 
in alpha state is similar for all steels, the amount 
of hydrogen evolved from specimens of identical 
size and cooled under identical conditions such 
as those employed in the present work could be 


correlated with the nature and temperature of 


transformation. Viewing the results in general, 
this is true in many cases, but, as already pointed 
out, there are instances in which such a correlation 
does not apply. Thus, as shown in Table ITI, 
steels CR1, CR6, J3, and CR2 all transform at or 
above 600° C., and the nature of their trans- 
formation is abrupt, but the amount of hydrogen 
evolved from these steels, as expressed in per- 
centages of their respective total hydrogen 
contents, is less than for steel D1, which trans- 
forms at a lower temperature and for which the 
nature of the transformation is relatively sluggish. 
Steels HD or CR4, and J2, commence their 
transformation at about the same temperature, 
and although the transformation of J2 is com- 
pleted at least 150° C. below that of HD or CR4, 
it evolves slightly more hydrogen in the course 
of cooling. 

Viewing the results from the effect of alloying 
elements and without taking the temperature of 
transformation into consideration, the results 
given in Table IV show that the presence of carbon 
in steel definitely retards the evolution of hydro- 
gen. Other elements, such as chromium, molyb- 
denum, and manganese, show a similar effect. In 
the absence of carbon, the effect of nickel upon 
the retention of hydrogen in steel is not marked, 
and in the only experiment which was carried 
out with J4 it appears that the presence of 
phosphorus likewise has little effect. On the other 
hand, silicon seems to increase hydrogen retention 
in steel during cooling. 

It is clear that no satisfactory comparison can 
be made of the effect of alloying elements on the 
retention of hydrogen in steel unless the tempera- 
ture of transformation could be differentiated 
from it. In view of the fact that the rate of 
hydrogen diffusion in alpha is greater than in 
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gamma, it is to be expected that alloying elements 
such as carbon, chromium, molybdenum, and 
manganese, which lower the gamma-alpha change 
in steel, will also retard the hydrogen evolution 
However, the compositions of CR2 and CR6 are 
almost identical except for carbon, of which the 
latter steel contains about twice as much as the 
former. Although CR6 transformed at a tempera- 
ture some 50° C. higher, it evolved less hydrogen 
than C'R2 under identical conditions of cooling. 
A similar effect was observed with molybdenum, 
and it can be seen from results obtained for CR5 
and HD that, although their temperatures of 
transformation were not very different, HD 
retained more hydrogen when cooled to room 
temperature. For other alloy elements, it is not 
possible to assess their effect in this manner, but 
the fact that silicon raises the temperature of 
transformation of steel and was found to retard 
hydrogen evolution seems to suggest that such 
an effect may not be limited to carbon and 
molybdenum only. 

These observations led to a close examination 
of all the factors which affect the evolution of 
hydrogen from steel in general, and amongst them 
hydrogen diffusivity must be regarded as one of 
the most important. In an attempt to correlate 
the evolution with diffusivity, the varying 
concentrations at each successive temperature 
were calculated for each specimen and incorpora- 
ted in the corresponding evolution curve. On the 
assumption that all the hydrogen present in the 
specimen, irrespective of temperature conditions, 
could be taken as “ effective ’ concentration, and 
further, if under the experimental conditions the 
relation between the cooling curve and _ the 
hypothetical D-7' curve as illustrated in Fig. 47 
is such that the product, Dt, does not vary greatly 
with the temperature, it was possible that the 
derived curves shown in Figs. 26 to 46 can be 
taken, to a first approximation, as proportional 
to hydrogen diffusivity for the alpha range. In 
the austenitic range such curves cannot be related 
to diffusivity, because the limiting value to the 
removal of hydrogen could not be assessed an‘ 
therefore could not be taken into account. More 
over, the rate of evolution in the austenitic range 
is complicated by the possible evolution of carbon 
monoxide under the experimental conditions. 

It cannot be too strongly emphasized that the 
validity of this method of treatment depends 
entirely upon the assumptions made. Even if 
the assumptions are correct, the relation between 
(1/Cr)(dV dt) and the diffusivity, D, given in 
equation (4) or (6), could only be an approxima- 
tion, because values for Dt must vary slightly with 
the temperature even for higher temperatures 
in the alpha range. Bearing this in mind, it is 
not suggested that the curves shown in Figs. 26 
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to 46 can be regarded as quantitative, but a 
comparison of the temperature gradients in the 
alpha range might be significant in view of the 
fact that the cooling rate for most steels in this 
range was similar, in which case hydrogen diffusi- 
vity would be the only variable for different steels. 
Since a straight-line relationship was found to 
exist between log (1/C7)(dV /dt) and 1/7'°K. in the 
alpha range, such a comparison was rendered 
easier when the slope of this straight line was 
taken, and for convenience it will be referred to 
as ‘‘ the slope of the alpha curve.” 

As shown in Table V, the slope of the alpha 
curve varies from steel to steel. By classifying 
the steels according to their nature and tempera- 
ture of transformation, it is possible to correlate 
the amount of hydrogen evolved during cooling 
with this slope. The general tendency is that the 
smaller the slope, the greater is the amount of 
hydrogen evolved. Also, the average slope in the 
alpha region for steels undergoing pearlitic trans- 
formation is smaller than in the cases in which 
the transformation takes place within the inter- 
mediate range. On the assumption that the slope 
in the alpha region shown in Figs. 26 to 46) gives 
an indication of the temperature coefficient of 
diffusion, it appears that hydrogen diffusivity in 
steel in the alpha state not only varies with the 
composition, but depends also upon the thermal 
treatment. In view of the character of these 
curves, hydrogen diffusivity in steels in the alpha 
state may not be very different at a high tempera- 
ture, but differences may be marked when the 
temperature is lowered. 

As already pointed out, the “alpha curves ”’ 
shown in Figs. 26b to 46b generally depart from 
a linear course when the temperature is lower 
than 200° C. The curves usually bend downwards, 
which means that values for (1/C7r)(dV/dt) are 
becoming progressively smaller and are no longer 
proportional to diffusivity. As stated previously, 
this is most likely, owing to the ever-increasing 
value of the product, Di, when cooling proceeds 
near to room temperature, in which case equations 
(4) and (6) become untenable. At the same time 
the possibility should be borne in mind that the 
departure from the linear relationship may be 
due to a limiting value, and if this is of the same 
order as that observed for hydrogen removal from 
austenite and referred to in an earlier paper,! the 
effect would be more apparent at lower tempera- 
tures. 

In an attempt to substantiate these deductions 
by what might be regarded as a more direct 
method, experiments were carried out to measure 
hydrogen diffusion in steel at room temperature 
by means of electrolytic action. It was shown 
that the diffusion of hydrogen in CR5 was more 
rapid than in S69. Also, for a given steel the rate 
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of diffusion at room temperature varies with the 
structure as determined by the thermal treatment. 
Thus, CR5 isothermally transformed at 350° C. 
gave a rate of diffusion almost twice that of the 
same steel similarly transformed at 700° C., and 
for S69 the diffusion was least when it was treated 
at 200° C. (see Table VII). 

Not only is the rate of hydrogen diffusion at 
room temperature governed by the structure, but 
it seems that the solubility is also affected by the 
thermal treatment. Using S69 isothermally trans- 
formed at three separate temperatures, it was 
found that the saturation value increased with 
the increase of the hardness of the specimen. The 
difference observed was such that, when nascent 
hydrogen equivalent to a hydrogen pressure of 
14-7 tons/sq. in. was generated by electrolytic 
action at the surface of the specimen, the satura- 
tion value obtained for S69 isothermally trans- 
formed at 200° C. was nearly three times that of 
the same steel similarly treated at 600° C. 

On the assumption that the results obtained 
by electrolytic experiments obey the same law 
which governs hydrogen diffusivity and solubility 
in general, it is clear: that these facts are of 
extreme importance, particularly from the point 


of view of hair-line cracks. Thus the amount of 


hydrogen which a steel can tolerate without crack 
formation will depend upon the solubility under 
the prevailing conditions, and the pressure that 
could be built up within a finite space and in a 
given time would be governed by the rate of 
diffusion. Theoretically, the hydrogen solubility 
of a specimen should be nil when it is exposed to 
air, and, provided that a sufficiently long time 
is given, the removal of hydrogen should be 
complete at all temperatures. In practice, how- 
ever, it is extremely doubtful whether this is the 
case. Thus, without referring to the removal of 
hydrogen from austenite—for which a limiting 
value is known to exist—the evolution of hydrogen 
from steel at room temperature observed in the 
course of this work showed that, with specimens 
of identical size and similar hydrogen content, 
both the rate of evolution and the amount ulti- 
mately retained in the specimen when evolution 
had virtually ceased were different for different 
steels and treatments. In general, plain carbon 
steels showed a greater rate of evolution and 
retained less hydrogen at room temperature than 
alloy steels. In low-alloy steels, however, the 
carbon content was found to play an important 
part, viz., the higher the carbon, the less is the 
amount of hydrogen usually evolved at room 
temperature. For a given steel it was observed 
that the thermal treatment given to the specimen 
was important. Thus, the softer the specimen 
the less will be the amount of hydrogen retained. 
In the last instance it seems that the amount of 
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hydrogen remaining in the specimen at room 
temperature directly follows the saturation results 
obtained on S69 by electrolytic experiments. 
This amount could almost be regarded as an 
‘apparent solubility” resulting from a definite, 
although unknown, hydrogen pressure prevailing 
over the specimen even when it is exposed to air. 
It is important to mention here that in making 
comparisons of the amount of hydrogen evolved 
at room temperature between different steels 
differently treated, the conditions of the specimen 
should be taken into account. For example, the 
presence of any surface cracks will reduce the 
‘effective’ dimensions of the specimen and 
thereby render the results incomparable. 

It would appear that the results based upon 
observations of hydrogen evolution from steel at 
room temperature, as given above, are consistent 
with the results obtained by electrolytic experi- 
ments and give further support to the deduction 
derived from the evolution curves, wz., that 
hydrogen diffusivity in the alpha range may differ 
with different steels and treatments. Since 
hydrogen is essential for hair-line-crack formation, 
upon which the diffusivity and solubility must 
have a deciding influence, it becomes increasingly 
necessary to consider any correlation which may 
exist between hydrogen evolution and crack 
formation and, if possible, to explain certain 
aspects concerning hair-line cracks in steel in the 
light of hydrogen solubility and diffusivity. In 
the present work, conditions under which crack 
formation occurs are limited, largely owing to the 
relatively small size of the specimens employed. 
Thus, no cracks were observed in the evolution 
specimens, with the one exception of J2. On the 
other hand, certain information has been available 
concerning cracks in isothermally treated speci- 
mens, and it was possible to generalize the 
conditions under which certain steels are most 
susceptible to hair-line cracks. It is shown in 
Fig. 55 that for plain carbon and nickel steels 
treated under isothermal conditions, the danger 
zone of crack formation lies in the intermediate 
transformation range. It may be pointed out that 
the transformation characteristics of plain carbon 
and nickel steels are similar, and the intermediate 
range corresponds with a rapid transformation. 
In Fig. 57 it is most significant that less hydrogen 
is required for crack formation in the 3° nickel 
steel, N22, treated at 400°C. than in similar 
specimens treated either above or below this 
temperature. Before attempting to explain these 
results, it might be interesting to give the relevant 
data obtained on hydrogen evolution from some 
of these steels at room temperature. The five 
steels from which Fig. 55 was constructed are 
(a) K6, (b) N33, (c) N21, (d) NV, and (e) S69; 
with the exception of N21, the results for these 
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Temperature of isothermal treatment, °C. 
Fic. 84—Effect of temperature of isothermal treatment 
on removal of hydrogen at room temperature for 
steels S69, NV, and N21 


steels have been reported in an earlier paper! It 
will be remembered that the construction of 
Fig. 55 was based upon crack formation in initial 
specimens in all cases and the usual procedure 
was to age these specimens for a period of one or 
two weeks, when the gas evolution at room 
temperature had apparently ceased, before re- 
heating for the extraction of the remaining 
hydrogen in the specimen. The amount of 
hydrogen evolved at room temperature from N21, 
NV, and S69, the three steels which could be 
classified together with N22 as the nominal 3% 
nickel type, is expressed as percentage of the 
corresponding total hydrogen content of the 
specimen and plotted against the temperature 
of isothermal treatment in Fig. 84. 

It is interesting to note in Fig. 84 that the 
general characteristics of the three curves are 
similar in that specimens of these three steels 
treated at temperatures between 500° and 300° C. 
evolved larger amounts of hydrogen at room 
temperature than those treated at temperatures 
either above 500° or below 300° C. The peak of 
evolution corresponds to 400-450°C., and is 
common to both N21 and NV. With S69 the 
curve is somewhat irregular, but it should be 
remembered that most of the initial specimens of 
S69 showed surface cracks. For NV, no surface 
cracks were present in specimens treated at or 
below 500° C., and, as shown in Table VIII, N21 
is free from quenching cracks in all cases. 
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When Fig. 84 is compared with Figs. 56 and 57, 
in which the respective relationships for tempera- 
ture/time/crack-formation and temperature/hy- 
drogen/crack-formation are illustrated, it becomes 
obvious that, with the 3% nickel steels, specimens 
isothermally transformed in the neighbourhood of 
400° C., which were found to be most susceptible 
to hair-line cracks, are also those which were 
observed to retain the least amount of hydrogen 
at room temperature. Bearing in mind the time 
of isothermal treatment given to the specimen 
and also the transformation characteristics of the 
steel, it is clear that the specimens treated at 
500° C. or above, as shown in Fig. 57, could not 
have been transformed in the isothermal bath. 
When such specimens were removed from the 
bath and water-quenched, the resulting structure 
would be mainly martensitic. Also, similar speci- 
mens isothermally transformed at 200° or 250° C. 
would be likewise martensitic in structure. 
Between 450° and 300° C., however, the trans- 
formation is rapid, and, in view of this, the 
specimens treated at this temperature range will 
possess, at least in part, an intermediate structure 
commensurate with the time and temperature of 
transformation. Taking into account these facts, 
together with the results obtained on S69, which 
showed that the solubility of hydrogen in steel 
at room temperature for an intermediate structure 
is less and the diffusivity greater than for marten- 
site, it will be understandable that, with the 3% 
nickel steel, N22, less hydrogen is required to 
form cracks when specimens are treated in the 
intermediate range than when specimens are 
treated at other temperatures under the conditions 
specified for Fig. 57. It may be relevant to point 
out here that for nickel steels, cracks present in 
** jnitial ” specimens treated in the intermediate 
range are usually deep-seated and in random 
distribution, whereas those observed in similar 
specimens, but treated at other temperatures, are 
mainly radial. The latter type of cracks is 
generally associated with a hard structure which 
must be regarded as highly stressed. 

Results available for chromium steels do not 
allow for a general correlation being made 
between crack formation and the nature of 
transformation product as with the nickel steels. 
With chromium steels the transformation charac- 
teristics are more complex and the nature of the 
transformation product will depend much upon 
the chromium and carbon content apart from 
the transformation temperature. Amongst the 
four chromium steels employed in isothermal 
experiments, only two of them showed “immune ” 
temperatures. Thus, the initial specimens of CR5 
treated between 450° and 150°C., inclusive, 
showed no cracks, and with CR2, 600° and 450° C. 
were the two “‘immune” temperatures. It is 
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interesting that in CR5 when cracks are present 
they are invariably radial in distribution, and it 
may be recalled from the results given in an earlier 
paper! that the 3% chromium—molybdenum steel. 
CM, showed similar behaviour in this respect. It 
may be added that the carbon content is low for 
both CR5 and CM, being of the order of 0.2%. 
With a higher carbon content, as in the case of 
CR4, cracks were present in all initial specimens. 
The internal cracks observed in CR4 were such 
that they showed a_ preferential distribution 
centring around severe quenching cracks, and this 
renders it difficult to classify them as being of the 
radial or random type. With the two low- 
chromium steels, CR2 and N31, random cracks 
were observed in certain initial specimens. For 
example, in CR2 such cracks were present in the 
specimen treated at 650° C., and for N31 in initial 
specimens treated between 650° and 400° C., 
inclusive. In addition, V31 showed that in “ final ” 
specimens treated at 450° and 400° C., a hydrogen 
content as low as 2 c.c./100 g., or slightly less, 
could result in the formation of typical hair-line 
cracks. 

When “ immune ” temperatures and the occur- 
rence of random cracks in initial specimens are 
considered, it would seem that the behaviour of 
chromium steels to crack formation is much more 
complicated than that of nickel steels. One 
prominent feature with chromium steels appears 
to be that, for a given chromium content, the 
higher the carbon the more severe is the cracking 
in the presence of hydrogen. This tendency is 
also shown by the results obtained on the 
hydrogen-soaked and end-quenched specimens 
illustrated in Figs. 69 to 74. 

To return to the question of hydrogen removal, 
all of the four chromium steels showed two 
optimum ranges of temperature. For CR2 (Fig. 
516), the upper range is only slightly wider than 
the lower one, and the efficiency of hydrogen 
removal is similar for both. With N31, however, 
the upper temperatures of 500-650°C. are 
definitely more suitable for hydrogen removal 
than the intermediate range of 300-350° C. (Fig. 
52b). For the two 3% chromium steels, CR5 and 
CR4, Figs. 536 and 54b both indicate that the 
pearlitic transformation gives rise to a higher rate 
of removal than the intermediate treatment, and 
that 700° C. is the best temperature of treatment 
for both steels. It is noteworthy that the tempera- 
ture corresponding to a minimum rate of removal 
is not the same for these two steels, being 450° C. 
for CR4 and 550° C. for CR5. Whilst isothermal- 
transformation curves relevant to the conditions 
of hydrogen removal are not available, it will be 
noted that for CR5 the curve showing the rate 
of hydrogen removal in Fig. 535 is in good agree- 
ment with that showing the beginning of isother- 
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mal transformation given in Fig. 61. Similarly, 
the optimum temperature of hydrogen removal 
for the 3% nickel steel, N21, at 400° C. (Fig. 50b) 
coincides with a maximum rate of transformation 
observed with a similar type of steel, N22 (Fig. 77). 
These comparisons, together with the evolution 
and transformation results obtained on cooling, 
leave little doubt that the removal of hydrogen 
from steel is closely related to the transformation. 

With regard to the isothermal-transformation 
results obtained with CR5 and N22, the only 
indication of hydrogen imposing a retarding effect 
upon the actual transformation is that observed 
with CR5 at 700° C. It was found that in certain 
cases the hydrogen-soaked specimens of CR5 or 
N22 showed a greater contraction when cooled 
from 950° C. to the temperature of the isothermal 
bath, and less expansion at the gamma-—alpha 
transformation, than the corresponding nitrogen- 
soaked specimens. It will be remembered that 
similar dilatation results were reported for a 
nickel-chromium-—molybdenum steel, 4811, in an 
earlier paper.t As already stated, these results 
cannot be explained at the present stage. 

Tn accordance with the transformation results, 
hydrogen was found to have no apparent effect 
upon the resulting structure of CR5 and N22, 
Thus, after isothermal transformation, the corres- 
ponding hydrogen- and nitrogen-soaked specimens 
showed no difference either in constitution or in 
hardness. 

As is well known, the detrimental effect which 
hydrogen imposes upon steel is not limited only 
to hair-line cracks, and the embrittlement of low 
alloy steels in the presence of hydrogen was borne 
out by the tensile results reported in an earlier 
paper,! where it was shown that, with air-cooled 
tensile test-pieces, the presence of hydrogen to 
the extent of 1-2 ¢.c./100 g. had a marked effect 
in reducing the ductility of the steel. In the 
present experiments, however, isothermal treat- 
ment was used, and it was found that hydrogen 
embrittlement varied not only with the composi- 
tion of the steel, but also with the thermal 
treatment. Thus, with the 3°% chromium steel, 
CR5, isothermally transformed at 700°C., the 
presence of hydrogen to the extent of 3 c.c./100 g. 
had relatively little effect upon the ductility of 
the steel (see Fig. 79), but marked embrittlement 
was caused by a similar hydrogen content if the 
treatment of the steel was carried out at 350° C, 
(see Fig. 78). In addition, the injurious effect 
caused by hydrogen seems to be much greater if 
the specimen has been air-cooled than if it has 
been isothermally transformed (see Table XV). 

Whilst the extent of embrittlement caused by 
a given hydrogen content would be expected to 
be different with different steels, it is interesting 
to note that the manner in which reduction of 
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area and elongation. respectively vary with the 
hydrogen content of the specimen is not the same 
for the two steels examined. Thus, with the 3%, 
chromium steel, CR5, the effect of hydrogen upon 
elongation is less than upon reduction of area, and 
this is particularly true when the hydrogen content 
of the steel is low, say below 2 ¢.c./100 g. (see 
Figs. 78 and 79). With the 3% nickel steel, 22, 
however, elongation and reduction of area are 
equally affected, and they fall off in a similar 
manner as the hydrogen content increases, as 
shown in Fig. 80. 

The fact that less embrittlement 
by hydrogen when CR5 was treated to transform 
at 700° instead of 350° C. may be mainly due to 
the difference in the form of carbides present in 
the steel after the respective treatments. Thus, 
as shown in Fig. 63, the carbon is present as 
Cr,C, when the steel is transformed above 480° C, ; 
cementite is formed when the isothermal treat- 
ment is carried out below this temperature. It 
has been shown by German workers® that the 
deterioration of the mechanical properties of steel 
under hydrogen pressure (4-46 tons/sq. in.) and 
at an elevated temperature (450° C.) was caused 
by a loosening of the grain boundaries of the 
material as a result of carbide decomposition 
owing to methane formation. Further, they also 
showed that the richer the alloy content (chro- 
mium, molybdenum, manganese, etc.) in the 
carbide, the less was the effect of hydrogen upon 
mechanical properties of the steel. Although this 
may not be regarded as relevant to the present 
case, in which tensile tests were carried out at 
room temperature, it should be pointed out that, 
as shown by Laszl6,’ tesselated stresses facilitate 
the decomposition of cementite, and, moreover, 
hydrogen embrittlement is detected only by 
testing when the steel is subjected to external 
stresses. In view of this it is thought that such 
a possibility should not be overlooked, especially 
bearing in mind the fact that in dealing with 
high-pressure gas cylinders the increase in carbon 
content of the steel seems to enhance hydrogen 
embrittlement. 

With regard to the difference in manner in 
which hydrogen affects the elongation and reduc- 
tion of area when CR5 is compared with .V22, 
our present knowledge of plastic deformation of 
steel in the presence of hydrogen is inadequate 
to give any definite comments. Since hydrogen 
diffusivity and solubility in steel at room tempera- 
ture are affected by composition and treatment, 
it may be that they are affected when externa! 
stresses are imposed upon the material, in which 
case the distribution of hydrogen in the tensile 
test-piece could be affected during testing. 

That the distribution of hydrogen across a 
tensile test-piece is important in determining the 
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mechanical properties of steel is borne out by a 
comparison of the tensile results obtained on CR5 
or N22 between isothermal and electrolytic treat- 
ments. For a given amount in the steel, hydrogen 
introduced by electrolytic treatment was found 
to be more detrimental to mechanical properties 
than that introduced by soaking followed by 
isothermal transformation. This difference is 
especially marked when specimens are tested 
immediately after the electrolytic treatment. 
When hydrogen is introduced into steel electro- 
lytically and if the specimen is not saturated 
the greatest concentration will be near the surface 
of the specimen. With hydrogen-soaked and 
isothermally transformed test-pieces, the highest 
concentration of hydrogen will be in the centre 
of the mass. Since on tensile testing it is the 
surface of the specimen which will deform first, 
the results obtained with electrolytically treated 
specimens would correspond to the effect given 
by a hydrogen content greater than the average 
content indicates. The reverse would be true 
with hydrogen-soaked and isothermally treated 
specimens. It is important to point out that all 
tensile test-pieces treated in the electrolytic bath 
did not show signs of attack or surface “ pits,” 
and this is supported by the fact that tempering 
such specimens at 100°C. resulted in a gradual 
recovery of the mechanical properties when the 
hydrogen content was progressively lowered. 

There is good reason to believe that hair-line 
cracks and hydrogen embrittlement are closely 
associated with each other. For both phenomena 
hydrogen is chiefly responsible, and the composi- 
tion and treatment of the steel are important. 
It may be even said that flakes and “ fish-eyes ” 
are formed from the same mechanism, although 
there is the difference that the amount of 
hydrogen required for embrittlement is con- 
siderably less than that necessary for hair-line- 
crack formation. Nevertheless, it should be borne 
in mind that hydrogen embrittlement is apparent 
only when the steel is subjected to external 
stresses, and “‘ fish-eyes ”’ are revealed only when 
the material is tested to fracture. It is reasonable 
to assume that, in the presence of additional 
stresses, less hydrogen will be required for crack 
formation, but with a high hydrogen content 
internal pressures are set up when atomic hydrogen 
diffuses into cavities and is converted into 
molecular hydrogen, and this pressure alone may 
be sufficient to cause fracture of the steel. 

It is most significant that both hydrogen 
diffusivity and solubility should depend upon the 
structure of the steel, as the results obtained on 
S69 have shown. It is conceivable that when a 
steel is treated to give different structures, the 
order and spacing of the lattice will be affected, 
and these presumably determine the amount of 
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interstitial space in which hydrogen atoms could 
be accommodated and the ease with which 
atomic hydrogen could diffuse. The amount of 
hydrogen which a steel can retain at room 
temperature may be similarly related. Since 
lattice spacing or distortion is affected by stresses, 
it follows that any change in stress distribu- 
tion in steel might affect the hydrogen diffusivity 
and solubility. On such a basis, the theory which 
was given in an earlier paper® can be reviewed 
with the modification that the sudden evolution 
of hydrogen observed at the crack formation does 
not necessarily involve the breakdown of a 
hydrogen-rich constituent. Since the hydrogen 
pressure required for fracturing the specimen 
must depend upon the strength of the steel, and 
since the building-up of such a disruptive pressure 
in cavities or voids will take time, an incubation 
period is necessary for crack formation. This 
period will depend upon the pressures required, 
the size and nature of the cavities, the rate of 
diffusion, and the hydrogen concentration avail- 
able. During the build-up of hydrogen pressure, 
the internal stresses will be increased accordingly, 
until a maximum is reached just before the crack 
formation. At the moment of fracture there must 
be a sudden release of stresses. On the assumption 
that stresses in steel affect the hydrogen diffusivity 
and solubility, it is possible that the sudden 
evolution of hydrogen observed is the result of 
the sudden release of stresses, owing to crack 
formation. It should be pointed out here that a 
sudden evolution at the end of the incubation 
was observed only with quenched steels, in which 
the formation of cracks was found to be almost 
instantaneous ; the cracks formed were radial in 
distribution and occupied an annular zone not far 
below the surface of the cylindrical specimens 
employed. With air-cooled or isothermally trans- 
formed specimens in which deep-seated and 
random cracks were obtained, crack formatica 
was found to be a gradual process, spreading out 
from one part of the specimen to another. In 
such a case no sudden evolution of hydrogen at 
crack formation has been observed. 

In conclusion, hydrogen is the fundamental 
cause of hair-line cracks, and the mechanism of 
crack formation involves disruptive hydrogen 
pressure being built up in internal cavities or 
voids. Such voids or cavities are undoubtedly 
submicroscopical, and in a sense any misfits or 
dislocations in the lattice which could accommo- 
date more than one molecule of hydrogen will 
suffice for the purpose. Another possibility, which 
cannot be overlooked, is that there might be a 
reaction between carbide of iron and atomic 
hydrogen which leads to the build-up of disruptive 
pressure owing to the formation of methane. The 
different behaviour of steels in response to hair- 
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line cracks would hinge upon two main factors, 
viz., hydrogen diffusivity and solubility, and these 
vary with the treatment of the steel. It is strongly 
felt that unless the effect of structure and stresses 
upon hydrogen diffusivity and solubility in steel 
is thoroughly understood, controversies regarding 
the cause of hair-line cracks will always remain. 
In the meantime it can only be said that the safest 
immunization treatment, if not the best, will be 
that which will free the steel from hydrogen. 
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The Production of Iron and Steel with 
Oxygen-enriched Blast’ 


By R. Durrert 


Sy NOPSIS 


The possibility of using oxygen-enriched blast for iron-ore smelting and for steelmaking 
by the Bessemer process is considered, particular reference being given to the economic 
conditions. Modifications of blast-furnace and converter design and of current practice 
which would be necessitated by the application of oxygen-enriched blast are briefly outlined. 
The development of a combined smelting-converting process using oxygen-enriched blast 


is envisaged. 


) pena oxygen used for the production of 
iron and steel has the advantage of being 

available everywhere without cost, and the 
disadvantage of being united with about four times 
its volume of ‘ ballast,’ which must be compressed, 
circulated, heated, and purified together with it. 
As long as the advantage was greater than the 
disadvantage, the use of atmospheric oxygen is 
justified. This is no longer the case, however, since 
the production of oxygen-enriched air has become 
more economical, so that this may replace atmo- 
spheric oxygen in future. 

The theoretical energy consumption for the 
production of oxygen-enriched air is 0-07 kWh./ 
cu. m. of pure oxygen. At present about 0-5 kWh. 
is required which, at a rate of 2 centimes/kWh. 
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(0-3d/kWh.{), corresponds to 1 centime/cu. m. 
(0-15d/cu. m.). Atmospheric oxygen as such 
need not be paid for, of course, but if it must be 
compressed, as, for instance, for use in the blast- 
furnace, work must at the same time be applied 
also to the four-fold quantity of nitrogen, so that 
when reaching the blast-furnace atmospheric 
oxygen costs after all about 0-5 centimes/cu. m. 
(0-07d/cu. m.). Thus when considering the 
production of iron with oxygen, from an economic 
point of view, only a difference of 0-5 centimes 
cu. m. (0-07d/cu. m.) need be taken into account 
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for the energy consumption. The additional costs 
amount to about 1 centime/cu. m. (0-15d/cu. m.), 
but for any comparison with the price of atmo- 
spheric oxygen the additional costs involved in 
the use of this must be taken into account too. 
Since these additional costs can be assumed to 
be higher in ordinary blast-furnace practice than 
with the use of oxygen-enriched blast, the com- 
parison of the two methods from the economic 
point of view can be restricted to a consideration 
of the cost of energy, without unduly favouring 
working with oxygen. Under the above assump- 
tions the actual cost of 1 cu. m. of oxygen in 
oxygen-enriched blast amounts to 2 centimes/cu. 
n. (0-3d/cu. m.). 


THE USE oF OxYGEN-ENRICHED AIR FOR 
SMELTING 


For each ton of coal used about 4 tons of blast 
are blown into the furnace, and about 5 tons of 
gas leave it at the top. Thus a multiple of the 
weight of the iron enters the furnace in the form 
of gas and passes through it as well as through 
the gas pipes and the cleaning apparatus. This 
enormous quantity of gas carries more than half 
of the heat required for the production of iron, 
from the hearth into the ‘upper zones of the 
vin The partial or complete removal of the 

ballast forming the greater part of the gas causes 
a fundamental change of the process. 

The heat carried away from the hearth by the 
gas must be utilized as far as possible in the blast- 
furnace, for which purpose the charge is placed 
in the path of the rising hot gas. so that the 
sensible heat is transmitted from the gas to the 
burden and thus utilized in the smelting process. 
For this reason blast-furnaces are built in heights 
of up to 30 m. 

As the oxygen content of the blast is increased, 
i.e., the proportion of ballast in the gas reduced, 
the amount of sensible heat contained in the gas 
becomes correspondingly smaller, and the tempera- 
ture gradient of the rising gas greater. In ordinary 
blast-furnace practice the top-gas temperature 
amounts to several-hundred degrees centigrade. 
As the oxygen content is increased the top-gas 
temperature decreases gradually, reaching prac- 
tically its lower limit at about 100° C. Until this 
limit is reached the drop in the temperature of 
the top gas causes a saving in fuel, the extent of 
which corresponds to the amount of utilized 
sensible heat of the top gas. Further oxygen 
enrichment of the blast does not cause an increased 
saving; for the furnace top becomes wet, 
and the upper part of the stack cold and unfit 
to work. It would be a mistake, however, to 
conclude from this fact that a still higher oxygen 
content would be useless or even undesirable— 
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useless because the heat of the top gas would no 
longer be absorbed, undesirable because the 
consumption of fuel would be increased. 

In fact, no further heat of the top gas can be 
absorbed, since there is practically none left, but 
this is after all not the sole purpose of smelting 
with oxygen-enriched blast. Of much greater 
importance is the possibility of constructing lower 
furnaces as the 100° C. zone drops in the furnace. 
In this way a furnace of only a few metres height 
is required with practically pure oxygen, which 
allows the use of low-class fuel, so that a new basis 
for the smelting process is obtained, not only from 
the metallurgical but also from the economic point 
of view. 

An ordinary blast-furnace requires the highest 
quality fuel, half the calorific value of which is 
utilized in the furnace, whilst the other half is 
transmitted to the gas. In contrast to the original 
fuel, this gas forms a low -grade fuel. Thus as low 
as possible a consumption of fuel is aimed at in 
the blast-furnace, since it would obviously be 
undesirable to convert half of the high-grade fuel 
into a low-grade fuel. However, on working with 
oxygen-enriched blast the conditions are the 
reverse, in that half the low-grade fuel is converted 
into a high-grade fuel, the calorific value of the 
gas obtained being about three times that of 
ordinary blast-furnace gas. Thus if the gas can 
be utilized, a high consumption of fuel may even 
be desirable, the gas becoming a main product 
of the process. 

The fact that the consumption of fuel becomes 


higher, does thus not stand against the use of 


oxygen-enriched blast in smelting but, on the 
contrary, in favour of it, prov ided that there is 
an adequate possibility of utilizing the gas which, 
however, is usually the case at iron and steel 
works. Besides, it is not absolutely certain that 
the fuel consumption will rise if oxygen-enriched 
blast is used for smelting ; for the conditions are 
not analogous to those prevailing in the electric 
furnace, in which the quantity of gas rising is 
only about one sixth of that in the blast-furnace. 
The heat transmission from the hearth to the 
furnace top is thus comparatively small. This 
means that the temperature gradient is very great. 
so that only a little reduction work is brought 
about by the gas, and only about a third of the 
calorific value of the coal is utilized in the furnace. 
The quantity of gas in the low-shaft oxygen 
furnace is about half-way between the two 
extremes of the ordinary blast-furnace and the 
electric low-shaft furnace, being about half that 
of the former and three times that of the latter. 
In the ‘ oxygen furnace,’ as in the electric furnace, 
the greater temperature gradient between the 
hearth and top lowers the indirect reduction, 
though not by a long way to such a great extent, 
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since the volume of gas is greater. On the other 
hand the high carbon monoxide content of the 
gas facilitates the indirect reduction—a factor 
which on account of the rapid decrease in tempera- 
ture has not much influence in the electric furnace. 
It is by no means impossible that under the 
working conditions of the oxygen furnace the 
proportion of the total reduction brought about 
by indirect reduction is greater than in the blast- 
furnace, for the gas reduction is greatly accelerated 
as the carbon monoxide content increases. These 
questions can be reliably answered only by 
practical experience. 

In accordance with the fact that the volume 
of gas in the oxygen furnace is about three times 
that of the electric furnace, with the same height 
of the furnace the top-gas temperature of the 
former is higher than that of the latter. When 
evaluating the correspondingly greater loss in 
sensible heat it must be borne in mind, however, 
that the heat is derived from a lower-grade fuel 
than that of the blast-furnace. The loss might 
be reduced by designing the oxygen furnace 
somewhat higher than the electric furnace. How- 
ever, this will usually not be necessary, especially 
since often a comparatively high top-gas tempera- 
ture is desirable to facilitate the desulphurization. 
The resulting heat loss is insignificant compared 
with the advantage of the desulphurization, with 
silicon sulphide as an intermediate product, for 
which no lime-bearing slag is required, so that the 
choice of raw materials for smelting becomes much 
greater. 

Since much less heat is transmitted to the top 
of the furnace than in the blast-furnace, the hearth 
temperature of the oxygen furnace is much higher, 
the heat being available at a much higher tempera- 
ture and being thus more valuable. This fact is 
especially important in smelting processes for 
which the temperature of the blast-furnace is too 
low, and for which electric furnaces are used at 
present. On the other hand there is no danger 
that, on smelting with oxygen-enriched blast, the 
iron may become too hot, as the melting tempera- 
ture has a regulating effect. 

These considerations lead to a smelting works 


consisting of the plant for the production of 


oxygen, and the low-shaft oxygen furnace, 7.e., a 
furnace of a few metres height. On account of the 
small height of the charge a lower-quality burden 
than in the ordinary blast-furnace can be used. 
Whilst the latter requires comparatively low- 
melting slags, the oxygen furnace is less particular. 
It is thus possible to smelt iron-bearing minerals 
which, in this way can be utilized like iron ores 
even though the blast-furnace can either not 
‘digest’ them at all, or only with difficulty. 
Provided that the top-gas temperature is suffi- 
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ciently high, desulphurization takes place without 
special slag control. 

If it is borne in mind that the preheating of the 
blast can be dispensed with, and that the indirect 
reduction is slightly less extensive, the coal con- 
sumption, being estimated at about 800 kg. per 
ton of pig iron in the blast-furnace, might amount 
to about 1000 kg. per ton in the oxygen furnace. 
About one fifth of this combines with the oxygen 
of the ore, so that with 50 kg. of carburizing coal, 
750 kg. of coal must be oxidized by blowing in 
oxygen, about 600 cu. m. being required. If the 
additional cost of energy due to the production of 
oxygen is assumed to be 0-5 centimes/cu. m. 
(0-07d), the increased energy consumption due 
to the use of oxygen-enriched blast would increase 
the cost by only 3 franes/ton (3s 6d/ton). The 
other costs involved in the use of oxygen are 
mainly due to amortization and, if anything, are 
lower and not higher than the corresponding costs 
on working with air. If they are assumed to be 
equally high—which, however, would be too un 
favourable an assumption regarding the smelting 
with oxygen-enriched blast—then the additional 
cost involved in working with oxygen-enriched 
blast as compared with air is brought about merely 
by the higher energy consumption, thus amount 
ing under the above conditions to about 3 francs 
ton (3s 6d,/ton). The saving resulting from the 
possibility of using a lower-quality burden is likely 
to be always appreciably higher. 

However, the possibilities of the oxygen-furnace 
will be fully utilized only when it becomes possible 
to utilize the coal largely within the smelting plant 
itself, and to apply the high temperature available 
to processes actually requiring it, whilst supplying 
a lower-grade heat to the other processes. Sugges- 
tions made in this direction aim at the use of the 
furnace gases for preheating the charge which 
referred to a coal with a calorific value of 7000 kg. 
cal./kg., means a fuel consumption of only about 
500 kg./ton. After the deduction of 50 kg. of 
carburization coal, 450 kg. remain for the com 
bustion which, provided that the calorific value i 
fully utilized, supply over 3 x 10° kg. cal., i.e. 
the heat required for the production of 1 ton of 
pig iron. 

Since, with this mode of working, the highest- 
quality heat is reserved for the processes taking 
place at the highest temperature, the consumption 
of oxygen-enriched air is correspondingly small. 
It might lie at about 200 cu. m./ton, whilst the 
heat required for the preparatory work in question 
can be produced by the combustion of the waste 
gases with the oxygen of the air, for instance, in 
a rotary furnace. The above-mentioned additional! 
cost thus amounts only to about 1 franc/ton 
(1s 2d/ton), 7.e., it is practically negligible. 
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Tue Usrt oF OxyYGEN-ENRICHED BLAST IN 
THE BESSEMER PROCESS 


On oxidizing with oxygen-enriched _ blast 
in the converter, so much heat is saved compared 
with the use of atmospheric oxygen that about 
} ton of scrap can be melted down per ton of iron 
blown. If this were the only way of transforming 
pig iron into steel, the heat saved would be suf- 
ficient for more than half of the scrap nowadays 
remelted at a high expenditure in energy, mainly 
in the open-hearth furnace. Thus one of the main 
duties of the latter furnace could be taken on by 
the Bessemer converter with the aid of oxygen- 
enriched blast. The objection raised against 
Bessemer steel on account of its higher nitrogen 
content would no longer be justified ; on the 
contrary, on blowing with oxygen-enriched blast 
the nitrogen content of Bessemer steel would be 
lower than that of open-hearth steel. 

The cost of the oxygen required is low, viz., 
under the above conditions about 2 francs per 
ton of steel (2s 4d), which is more than out- 
weighed by the resulting advantages. The attempt 
to use a blast slightly enriched in oxygen has 
already been made. If the percentage of oxygen 
is raised appreciably, blowing through the bath 
will probably have to be dispensed with. Small- 
scale tests with oxygen. in high concentration 
blown on to the bath have yielded satisfactory 
results, and the adaptation of the method to works 
conditions will presumably be successful. Another 
possibility of bringing oxygen in high concentra- 
tion into contact with iron consists in horizontal 
blowing towards the falling stream of metal. This 
procedure might prove especially suitable on 
working with basic slag, 7.e., in the basic Bessemer 
process. 

In the Bessemer process the carbon of pig iron 
is oxidized to carbon monoxide. With high-oxygen 
blast it does not seem impossible that the heat 
which would be developed on further oxidation to 
carbon dioxide might be utilized. The resulting 
saving would be of the same order of magnitude 
as the cost involved in the production of oxygen. 
As on smelting, it seems advantageous also in the 
Bessemer process to utilize the heat developed in 
accordance with its quality. This means that the 
calories obtained at high temperature should 
preferably be restricted to the use for processes 


requiring a high-temperature heat, whilst a lower- 
temperature heat should be applied to preparative 
work, such as the preheating of the slag and scrap, 
In this way a far-reaching utilization of the chemi- 
cal and physical heat of the waste gases would be 
possible. 

The further development of this idea leads to 
a combined smelting—converting process, consist- 
ing of the addition of iron oxides and, if necessary, 
coal, so that the oxygen-enriched blast would be 
replaced partly by combined oxygen (of the ore). 
If the interest centres around the smelting process, 
a process for the direct production of steel will 
result, which may be finished, say, in an electric 
furnace. 

Although much more work will be required to 
adapt these processes to application in practice. 
it seems obvious, even at the present stage, thai 
the existing classical steelworking methods are 
bound to disappear and with them the use of the air 
blast and the need for outside heating. The shajx 
of the converter will naturally have to be modified 
blowing on to the top necessitating a wider bath. 
a sort of hearth furnace. The horizontal blowing 
towards the falling stream of metal would not 
require special equipment : it can be applied to 
a stream of pig iron. It is only the utilization o! 
the gas and the combination of the Bessemer and 
the smelting processes which needs a special 
installation, e.g., the combination of a rotary 
furnace and a receptacle for the falling metal. 


CONCLUSIONS 

The above considerations are not concerned 
with processes applied in practice ; but the pos- 
sible further development of preparatory work is 
indicated, the aim of which is to eliminate the 
application of oxygen in the form of air blast and 
to replace this by oxygen in concentrated form, 
free as well as combined. The realization of this 
aim is opposed at present by considerable technical 
and economic but not fundamental difficulties. 
However, any basically sound idea makes its wav 
eventually, and this will apply also in the case of 
the production of iron and steel with oxygen- 
enriched blast. If this idea is adapted to the 
conditions prevailing in practice, the production 
of our most important metal will find a new 
metallurgical and economic basis. 
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ELECTRIC SMELTING’ 


By R. Durrert 


SYNOPSIS 


The development of electric smelting furnaces is outlined, with special reference to 


the low-shaft furnace. 


The reactions taking place in electric smelting are discussed 


and compared with those of the blast-furnace, particular consideration being given to 


the energy consumption in the two types of furnace. 


In conclusion the possibilities of 


the future development of electric smelting are considered. 


oR the production of iron from its ores, the iron 
bearers of these, 7.e., the iron oxides, must be 
reduced, which can be achieved in practice 
only by means of coal. The heat required for the 
reduction can be produced by the combustion of 
additional coal, as is the case in the blast-furnace. 
Whilst coal is indispensable for bringing about the 
reduction, for heating it can be replaced by 
electrical energy, which is passed through the 
charge and transformed into heat (electric smelt- 
ing). The carburization of iron, leading to pig 


iron, is in both processes achieved by the use of 


coal (carburization coal). On smelting in the 
blast-furnace the coal thus serves for reducing, 
heating, and carburizing, whereas on electric 
smelting the heating is brought about by electrical 
energy, coal being required for the two other 
purposes, however. 

The development of the electric smelting furnace 
was based on two existing furnaces: the blast- 
furnace and the open furnace for ferro-alloys. The 
blast-furnace was at first adapted to heating with 
electric power by the major step of replacing the 
tuyeres by electrodes. The next step was the 
enlarging of the hearth, the electrodes being 
inserted obliquely through the annular arch 
adjoining the shaft as a cover for the additional 
part of the hearth. In this way the hearth could 
be supplied with more energy, and the trans- 
formation of this into heat shifted downwards. 
Finally, the blast-furnace profile, unsuitable for 
electric smelting, was transformed into a shaft 
tapering slightly towards the upper end. This 
led to the final design of the electric smelting 
furnace (electro-high-shaft furnace, Grénwall fur- 
nace). 

Since only comparatively little gas rises from 
the hearth of an electric furnace, little heat is 
transferred from the hearth to the shaft, so that 
the temperature decreases quickly between the 
hearth and the shaft, being so low in the latter 
that only little reduction takes place there. The 
sensible heat of the gas too, is correspondingly 
low, so that the shaft is not really necessary and 
can be dispensed with. In this way the high-shaft 
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furnace becomes a low-shaft furnace, in which 
the arch extends over the whole hearth and does 
not only form a ring around the shaft as in the 
electric high-shaft furnace. 

Regarding the ferro-alloy furnace as the second 
basis of the development of the electric smelting 
furnace, this would allow the reduction of iron 
ore to pig iron even in its original form. However, 
since it is uncovered, the valuable gas developed 
would be lost, and in order to be able to recover 
this the furnace was fitted with a cover. 

Both ways of development thus resulted 
eventually in the electric low-shaft furnace, which 
is known in two designs, 7.e., the Tysland—Hole 
furnace and the Siemens electro-smelting furnace. { 
These furnaces are the result of a development that 
has extended over almost fifty vears and is prob- 
ably not concluded yet. They work with a capacity 
of up to 10,000 kW.., larger designs are now being 
planned. With a suitable burden the energy 
consumption amounts to about 2500 kWh./ton, 
so that a 10,000-kW. furnace can produce about 
100 tons/24 hr. If the plan to construct 30,000-kW. 
furnaces should materialize, the capacity of 
electric smelting furnaces would reach the same 
order of magnitude as that of blast-furnaces. 


Metallurgical Considerations§ 


In the ores used for smelting, iron is present 
mainly as ferric oxide, Fe,O, (hematite, limonite), 
and as ferroso-ferric oxide, Fe,0, (magnetite). 
For the production of 1 ton of iron 1431 kg. of 
Fe,0, or 1381 kg. of Fe,O, are required. This 





* Received 17th March, 1947 
+ Gesellschaft der Ludwig von Roll’schen Eisenwerke, 
A.G., Gerlafingen, Switzerland 


tThe designs and modes of working of these furnaces 
are dealt with extensively in the literature, so that they 
need not be discussed in detail here. Members taking 
part in the 1947 Summer Meeting of the Institute will 
have the opportunity of seeing such a furnace 


§The following discussion is partly derived from the 
author’s book ‘‘ Grundlagen der Ejisengewinnung.”’ 
Berne, 1947: Verlag Francke 
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means that with each ton of iron about 400 kg. 
of oxygen reach the smelting furnace and have 
to be eliminated. In the direct reduction : 


Cc + O -CO, 
12 16 





3 kg. of carbon are required for combining with 
4 kg. of oxygen, 400 kg. of oxygen need 300 kg. 
of carbon. If the carbon monoxide formed acts 
as a reducing agent too (indirect reduction) only 
150 kg. of carbon are required for the complete 
combustion to carbon dioxide. The electric 
furnace yields a gas about one-sixth of which 
consists of carbon dioxide and five-sixths of 
carbon monoxide ; this composition corresponds 
to a consumption of about 260 kg. of coal. 

To these 260 kg., 30-40 kg. of carburizing coal 
must be added, so that the carbon requirement 
per ton of iron should amount to about 300 kg. 
It is in fact slightly higher, since the other oxides 
present, which have to be reduced too, require 
somewhat more carbon than the iron oxides ; 
besides, some carbon is required for the water-gas 
reaction. If all these factors are taken into 
account, the consumption of coal containing 
80-85%, of carbon can be estimated at 400 kg. 
per ton of iron, which is in accordance with 
practical experience. The consumption of reduc- 
tion coal thus amounts to about 350 kg., which 
on combustion combines with the oxygen of the 
ore and some moisture and yields a gas with a 
calorific value of about 2600 kg. cal./cu. m. Since 
about 650 cu. m. are obtained with each ton of pig 
iron, the total calorific value of the furnace gas 
amounts to 650 x 2600 = 1-7 x 10° kg. cal., 
corresponding to about 240 kg. of coal. 

The 350 kg. of reduction coal correspond to a 
total calorific value of 350 x 7000 ~ 2-5 x 108 
kg. cal., of which 1-7 x 10° kg. cal. (corresponding 
to the calorific value of about 240 kg. of coal) are 
transferred to the furnace gas. The remaining 
0-8 x 10° kg. cal. (the calorific value of about 
110 kg. of coal) are liberated during the reduction. 
Since about 3 x 10° kg. cal. are required for the 
production of 1 ton of pig iron, another 2-2 x 106 
kg. cal. must be supplied by the electrical energy, 
corresponding to 2-2 x 10%/860 = 2500 kWh. 
This value is in accordance with practical ex- 
perience, but is affected, of course, by the working 
conditions and the quality of pig iron produced. 

Of the total calorific value of 2-5 x 106 kg. cal. 
supplied by 350 kg. of reduction coal, 1-7 x 10 
kg. cal. (240 kg. of coal) and 0-8 x 108 kg. cal. 
(110 kg. of coal) are thus transmitted to the gas 
and the furnace respectively. This means that 
with a calorific value of 7000 kg. cal./kg., the 
furnace obtains 0-8 x 10°/350 = 2300 kg. cal./kg. 
and the gas 1-7 x 10°/350 = 4800 kg. cal./kg. 
The utilization in the electric furnace is thus 
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greatly inferior to that in the blast-furnace, 
which is due to the fact that the reduction is 
largely direct. 

Expressed in coal this leads to the following 
consumption per ton of iron produced : 


Coal Con- Heat Liberated 


sumed, in Furnace, 
kg. kg. cal. 
For carburization jm ve 50 
For reduction ... = co eae “SB x 1¢ 
For heating (in form of 2500 
kWh.) “sip ae ae) LO | ex 10F 
710 3-0 x 108 





The total consumption is thus 400 kg. of coal 
and 2500 kWh. Of this, 1-7 x 10° kg. cal., 
corresponding to 240 kg. of coal, are recovered in 
the combustion of the furnace gas, so that the 
consumption in the electric furnace amounts to 
160 kg. of coal plus 2500 kWh., or, expressed in 
coal, 160 kg. + 310 kg. = 470 kg. 

In comparison with this figure, a blast-furnace 
with a heat requirement of 3 x 10° kg. cal. per 
ton of pig iron needs about 750 kg. of coal, 
corresponding to 700 kg. for reduction and heating. 
Since only about half of the calorific value of coal 
is utilized in the blast-furnace, 7.e., about 3500 kg. 
cal./kg., these 700 kg. of coal produce roughly 
2-5 x 10° kg. cal. in the furnace. If the blast is 
preheated to 700° C. it holds about 0-5 x 108 kg. 
cal. per ton of pig iron.* This corresponds to 
about 70 kg. of coal, so that, expressed in coal, 
the energy consumption in the furnace is as 
follows : 

Coal, 
kg. 

For carburization... rel 

For heating and reduction 350 (only half of 700 kg. 

added being utilized 
in the furnace) 

For heating of blast ka 


| 


o 


7 


The energy consumption on smelting, again 
expressed in coal, is thus as follows : 


Electric low-shaft furnace : Coal, kg. 
Direct addition ... oe oe ... 160 
In form of kWh. ... ets sii so. BL 
B70 
Blast-furnace + ihe aes or 470 


After deducting 160 kg. of coal on both sides, 
2500 kWh. remain opposed to 310 kg. of coal, so 
that 1 kg. of coal corresponds to 8 kWh. With 
identical burdens the two modes of smelting are 





* For 1 kg. of coke introduced into the furnace about 
3 cu. m. of blast are required. The specific heat of air 
(per cubic metre and degree) amounts to about } kg. 
cal., so that with the assumed coke consumption of 
750 kg./ton the heat produced amounts to 3 x 750 
x 4 x 7002 x 0-5 X 10% kg. cal. 
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thus economically equal with regard to the energy 
consumption if the price of 1 kg. of coal is about 
eight times that of 1 kWh. of electrical energy. 

This result is in accordance with the theoretical 
equivalent between 1 kWh. (860 kg. cal.) and 
1 kg. of coal (7000 kg. cal.), which is 1: 8; and, 
in fact, this is bound to be so, since with regard 
to the conversion into heat the utilization of 
electrical energy and coal is about the same on 
smelting. 

Since on electric smelting no blast is introduced 
into the furnace, the furnace gas is largely made 
up of reduction products. In the following list 
the average compositions of gas from the electric 
low-shaft furnace and the blast-furnace are 
compared : 


Electric Low- 

Shaft Furnace Blast-Furnace 
Oh, % ... 10-20 10-16 
2 ae sg .. 70-85 25-30 
a ss re a 5-12 0-5- 4 
CH,, %... Fak ~ 1 0-5-3 
Mas oy .«s eee wer l- 2 52-60 


The difference in the gas composition of the 
electric furnace compared with that of the blast- 
furnace causes differences also in the reduction 
processes. Whilst in the blast-furnace more than 
half of the oxygen from the ore is fixed by carbon 
monoxide, this is to the greater part brought about 
by solid carbon in the electric smelting furnace. 
Although the gas is richer in carbon monoxide 
here than in the blast-furnace which, as such, 
would facilitate the indirect reduction, there is 
only a limited effect, for the specific quantity of 
gas is rather small and can transmit only a 
comparatively small amount of heat from the 
hearth to the charge descending in the furnace. 

On account of the small height of the charge the 
low-shaft furnace allows the use of physically 
inferior coal, which is not permissible in the 
blast-furnace. It is thus not necessarily a dis- 
advantage if the coal is only incompletely utilized 
in the furnace, 7.e., if a comparatively high pro- 
portion of the calorific value is transmitted to the 
gas. This is a disadvantage only if a low-quality 
gas is produced from a high-quality fuel. On 
electric smelting, the conditions may be the 
reverse, in that a high-quality gas may be formed 
from a low-quality coal. 

Owing to the lower consumption of coal per 
ton of pig iron, less sulphur is introduced into 
the electric furnace with the same quality of coal 
than into the blast-furnace. This is one of the 
reasons why pig iron from the electric furnace has 
a lower sulphur content than that produced under 
corresponding conditions in the blast-furnace. In 
the open low-shaft furnace some ‘acid desul- 
phurization ’ takes place in addition. To what 
extent this proceeds in the closed furnace is still 
an open question. 
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Economic Considerations 


Wnen comparing the electric furnace and the 
blast-furnace from an economic point of view, the 
cost of coal and electrical energy are of primary 
importance. If this were the only factor to be 
taken into consideration, the two modes of smelt- 
ing would be economically equivalent with a price 
of 1 kg. of coal eight times that of 1 kWh. How- 
ever, the economic parity is shifted somewhat in 
favour of the electric process, since other circum- 
stances too play some, even though secondary, 
part, e.g., the lower cost of installation as well as 
the possibility of using inferior material in the 
burden, and some metallurgical advantages. 
Experience shows that the mean value lies at 
about 1 : 6, i.e., that there is economic equivalence 
if the price of 1 kg. of coal is the same as that 
of 6 kWh. 

In most districts in which iron-ore smelting is 
carried out, at present the ‘coal calorie’ is 
cheaper than the ‘electric calorie,’ and this is 
likely to continue to be so for some considerable 
time, so that in any case, in the near future, 
electric smelting will be limited to districts rich 
in ‘ white coal.’ 

Apart from the economic aspect, the further 
expansion of electric smelting will be limited 
for the reason that there is not sufficient electrical 
energy available, as is shown by the following 
consideration : 


For an annual production of 125 x 10° tons 
of pig iron (the maximum production achieved 
in 1942) about 300 x 109 kWh. would be 
required with exclusively electric smelting, 
whilst the total hydro-electric power produced 
per year is only about 200 x 10°kWh. Electric 
power produced thermally is out of the question 
for smelting, since the greater part of the energy 
of the coal would be lost in this way. Besides, 
the use of electric power produced by means 
of coal would be fundamentally wrong, since 
it is, in principle, possible to use any kind of 
coal directly for smelting. 

In districts with seasonal excess energy, it may 
be advantageous to use plants working inter- 
mittently, the prime cost of which should, of 
course, be lower than that of continuously working 
plants. The design of such plants should be as 
simple as possible, even though in this way the 
cost of running becomes somewhat higher ; for it 
is essential that the prime cost should be low. 


Possibilities of Development 


There is too little hydro-electric power avail- 
able, and a multiple of this energy must thus be 
produced thermally. In this way about three 
quarters of the fuel are lost. As long as there is a 
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shortage of electrical energy it is advisable to use 
it in the place of fuel only in cases in which its 
efficiency is higher, e.g., for railway engines, where 
1 kWh. replaces about 1 kg. of coal, so that with 
the same efficiency the equivalent is not 1 : 1 but 
8: 1. Electric smelting is one of the rare examples 
in which the efficiency of both types of energy is 
about the same ; strictly speaking, coal is even 
slightly superior. It would thus be a mistake to 
use hydro-electric power for smelting in the place 
of coal, while there is still the possibility of 
replacing coal in cases in which it is not utilized 
so efficiently as electrical energy. 

This consideration is, of course, not applicable 
all over the world, but only to districts forming 
independent energetic units ; and in such districts 
electric smelting should on the whole be limited 
to those seasons in which sufficient hydro-electric 
power is produced. ; 

The closed electric low-shaft furnace requires 
a homogeneous burden, consisting of pieces 
neither too coarse nor too fine, so that bulky 
pieces of scrap and powdered ore cannot be used. 
In cases in which an appreciable amount of 
material of this kind has to be used, the closed 
furnace is unsuitable, and it may be advantageous 
to use an open furnace, although the furnace gas 
is lost in this way. At one works such a furnace 
is actually in operation, in order to allow of the 
smelting of iron-containing by-products. The 
burden consists of about equal parts of iron in the 
form of oxide and metal, which is partly of fine 
grains and partly in the form of bulky lumps with 
a diameter of up to } m. (20 in.). The energy 
consumption lies at about 1500 kWh./ton, and 
the coal consumption—expressed in high-quality 
coal (a small-lump lean coal with about 30% of 
ash being used)—at about 200 kg./ton. 

Even though electric smelting is thus on the 
whole restricted to comparatively narrow limits, 
in certain regions there is the possibility of 
remarkable development. This can be enhanced 
by adapting the energy consumption to local 
conditions and by using low-quality and, con- 
sequently, inexpensive material. It is likely that 
electric smelting will extend also to other districts 
as soon as it becomes possible to lower the energy 
consumption appreciably and to use any quality 
of coal. A condition for this is the complete 
utilization of the coal, i.e., the complete com- 
bustion of carbon to carbon dioxide. A develop- 
ment of this kind was initiated by Wiberg, who 
adapted his sponge-iron process to the use of 


electric furnaces ; but even so the energy consump- 
tion is said to amount to about 1500 kWh./ton. 
Another promising attempt consists in the use 
of the above-mentioned open low-shaft furnace 
with the introduction of blast just below the top, 
which causes the combustion of the rising gases. 

The final aim of these developments may be 
reached when it becomes possible to oxidize the 
reduction coal completely, which would lower the 
consumption of electrical energy to a maximum 
of 1000 kWh./ton. Under this condition 350 kg. 
of reduction coal with a calorific value of 7000 kg. 
cal./kg. (or a correspondingly higher weight with 
lower-quality coal) yield 350 x 7000 ~ 2-5 x 108 
kg. cal., so that there is a deficit of about 0-5 x 
10° kg. cal., which can be covered by about 
600 kWh. 

The distribution of the production of heat 
between 350 kg. of coal (plus 50 kg. of carburiza- 
tion coal which, however, do not take part in the 
production of heat) and less than 1000 kWh. is 
possible only if all of the work up to a temperature 
slightly above 1000° C. is carried out by means of 
coal, whilst the electrical energy is reserved for 
the reactions taking place at higher temperatures. 
This mode of working is possible in principle if 
the reduction gases, by being oxidized to carbon 
dioxide, are used for the preliminary heating, and 
thus for the preliminary reduction, of the charge, 
so that the electrical energy has to supply only 
the heat for the final reduction and the melting. 

This aim might be reached in practice by com- 
bining, say, an electric smelting furnace with a 
rotary furnace, the charge being prepared in the 
latter and finished in the former. The gas from 
the smelting furnace, consisting largely of carbon 
monoxide, would be burnt with air and, in a 
counter-current, would heat the charge. This, a 
mixture of ore and 400 kg. of coal per ton of iron, 
would react under the effect of the heat, the coal 
reducing the iron oxides, and the carbon monoxide 
developed, forming a component of the flame 
gases, to which, for this reason, an adequate 
quantity of air should be added. After preliminary 
heating and reducing, the charge would be dropped 
direct from the rotary furnace into the smelting 
furnace, and would be completely reduced, 
carburized, and melted there. 

The realization in practice of this theoretically 
possible mode of working would form a new 
economic basis for the electric smelting process 
and give a strong impetus to its further develop- 
ment. 
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A New Method for the 


Welding of Rail Joints’ 


By F. 


Wortmann, Dr. Ing.* 


SyNopsIs 
After a brief review of present day arc-welding practice in Switzerland, a method 
developed by the Société Anonyme des Ateliers de Sécheron for the welding of rail joints 
is described. This method does not necessitate any interruption of traffic, nor are special 
tools required, and the joints produced possess a high fatigue strength. Results obtained 
on an experimental track of the Schweizerische Bundesbahnen are reported. 


WING to the comparative abundance of water 
() power, the production of electricity developed 

rapidly in Switzerland, so that at an early 
date each town and village—and almost each 
individual farm—was connected to the electric 
mains of the country. New applications of 
electricity were thus greatly facilitated, even 
though the Swiss are inherently opposed to 
innovations and adopt a new idea only if they 
are convinced of its utility. 

For this reason, although electric-arc welding 
is equally suitable for large and small works and 
supplies of electric current are readily available 
at low cost, some time elapsed before the process 
attained some degree of popularity, and it 
developed rapidly only when, with the introduc- 
tion of high-quality electrodes, it became possible 
to produce superior work. 

The chronological development of electric 
welding in Switzerland may be outlined as 
follows : 

1925-6—The welding, using medium-quality 

electrodes, of high-pressure mains for 
water-power stations and of boilers exposed 
to only slight stress. 

1927—The first thickly coated electrode for 

high-class forgeable welds of neat appear- 
ance invented. 

1930-1—The first bridge welded ; this was a 

lattice girder bridge across the Rhone, 
and the work was carried out with high- 
quality electrodes, in winter, the welders 
wearing electrically heated garments. 
During the same period a comprehensive 
comparative study was made of various 
welding methods, using alternating and 
direct current and a variety of electrodes. 
This was the first of a number of systematic 
investigations of great importance, which 
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subsequently led to the raising of the 
permissible stresses to which welding 
seams may be exposed. 


This work was followed by the welding of pipe 
systems, boilers, and bridges exposed to high 
stresses. In this connection, mention must be 
made of the high-pressure pipe of the Dixence 
power station, which utilizes the highest. head, 
i.e., 1700 m., in one stage. In the lower part of 
this system only circumferential seams were 
produced by arc welding. 

Since 1932 a comprehensive investigation has 
been made of the fatigue failure of welds brought 
about by alternating stress. Accidents due to 
faulty welds on important structures, which 
happened in most industrial countries, did not 
occur in Switzerland, on account of careful 
preliminary trials. In 1943 the first pressure pipe 
system was welded with a safety factor of 1, 
i.e., the same stress was permitted for the weld 
and the unwelded plate, the tensile strength of 
the latter being 44 kg./sq. mm. The seams were 
examined radiographically and subjected to 
numerous mechanical tests. Before welding, the - 
pipes were slightly heated, and they were after- 
wards subjected to stress-relief annealing. 

A great number of investigations—particularly 
those carried out in the Eidgendéssische Material- 
priifungsanstalt, under the guidance of its presi- 
dent, Professor Ros—resulted in a more and more 
reliable estimation of the suitability of arc welding 
for all types of steel. Owing to the shortage of 
labour, automatic arc welding has gained increas- 
ing popularity in recent years, coated electrodes 
being used, or welding powders introduced into 
the joints and welded with bare electrodes. 





* Received 25th April, 1947. 
+ Société Anonyme des Ateliers de Sécheron. 
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TaBLe I—Permissible Stresses for Welding Seams 





























| | Not Finished,| Planed and 
| Neither but subjected | subjected to 
| Finished to Stress- Stress- 
nor Annealed,| Relieving Relieving 
kg./sq. mm. Anneal, Anneal, 
kg./sq. mm. | kg./sq. mm. 
| | 
High-pressure mains | | 
Plate MI*... ll | 1] 13 
Plate MIIt 12°5 14-5 
| 
Distributing mains 
Plate MI ... és 10 | 10 | 12 
Plate MII.... ae — | 11 13 
| 
Boilers and pressure | 
vessels 
Plate M1 ... 7:5 8-5 10-5 
Plate MII... .| 8-5 9-5 11-5 
| 
Tank Wagons 
Plate MI ... ca 10 1] 13-5 
Plate MII... bes 11-5 12°5 15 








* 35-44 kg./sq. mm. 
+ 41-50 kg./sq. mm. 


Automatic welding with bare electrodes, however, 
is applied only to low-quality surfacing or 
building-up. 

Tables I and II show the permissible stresses 
to which welding seams may be exposed at present. 
When determining these figures, not only the 
static but also the fatigue strength was taken into 
consideration. It will be seen that the permissible 
stresses are relatively high, which is an indication 
of the high standard of Swiss welding technique. 
The selection of the electrodes to be used is, as a 
rule, left to the welders. There are only three 
types of standardized electrodes for the welding 
of seams, viz., HV1, HV2, and HV3, and their 
characteristics are shown in Table IIT. 

In addition, there are some qualities of elec- 
trodes for surfacing. Type HV1 electrodes are 
used only for inferior work, whilst types HV2 and 
EV3 are suitable for higher-class work. High- 
Strength plate is used only after it has been proved 


TABLE I]—Permissible Stresses for Welding Seams 
(StN-T'ype Plate) 

















} | 
Only Principal P ce 
Load taken | additional 
into Account, Load, 
kg./sq. mm. | kg./sq. mm. 
Steel Structures and I-Beams 4 
Butt weld ... re Jett 2 14 
Fillet weld ... 10-8 12-6 
Lattice girders and compound 
structures | 
a weld ... Ke a 12 | 14 
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to be suitable. Apart from the use of HV2-type 
electrodes, general rules regarding the permissible- 
strength values have not been issued but are 
determined for each individual case. 

Welding has found increasing application not 
only in large works but also in small workshops. 
The majority of locksmiths, forging shops, and 
garages now possess welding apparatus and use 
it with great success. This was particularly 
noteworthy during the war, when automobiles 
were converted to use of wood and charcoal as 
fuel. In addition, much repair work had to be 


‘done on broken springs, special steels, and auto- 


mobile cylinders, since spare parts were not 
available. 

Arce welding of thin sheet, down to 1-5 mm. 
thickness, has become everyday practice ; some- 
times even l-mm. thick sheet is welded. Since 
the Swiss market is exclusively concerned with 
high-quality products, only high-class electrodes 
with a thick flux coating are used for this purpose, 
bare electrodes, cored electrodes, and cellulose- 
coated electrodes being hardly ever applied. 
Apart from high strength, good appearance of 
the seams is required. Direct-current machines 
and welding transformers are used in about equal 
numbers. 


WELDED Rai JoINts 


As in other countries, interest in Switzerland, 
centred more and more around high-strength 
steels, which, as a rule, can be welded only if 
certain precautions are taken. Amongst these 


TaBLeE []I—Characteristics of Standardized 








Electrodes 

| Tensile Elongation | y,;., ‘ | Impact 
Electrode | Strength,* | at Fracture,* a | Strength,t | 
| kg./sq.cm. | kg./sq.cm. | G/89; Om. | m. kg./sq. cm. | 
EV1 38 | 18 18 | 5 
iw | et 8 fy 
EV3 52 | 20 | 28 | 1 | 
| | | | 








* Minimum. 
+ Notched-bar test ; minimum. 


steels, those used for rails play an important part. 
Rail steels are usually carbon steels (carbon 
approximately 0-4%) with low manganese and 
silicon contents; the phosphorus and sulphur 
contents usually lie between 0-02 and 0-07%. 
Whilst it is comparatively easy to weld such 
steels successfully in the workshop, it is much 
more difficult to achieve satisfactory results on 
the track, for here the rail cannot be moved and 
the welder has to work in an uncomfortable 
position and in all weathers. A perfect solution 
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THE WELDING OF RAIL JOINTS 


of the problem of welding rails on the track is 
greatly desired by the railway companies. 

On traversing a rail joint, the rolling stock and 
the rails are stressed by an abrupt impact, which 
is harmful not only to the rails but also to the 
ballast and to the wheels, and in addition is 
uncomfortable to the passengers. Each rail joint 
may be compared to a large hole in a highway. 
If it were possible to do away with rail joints, the 
maintenance of the rails and the rolling stock 
would be greatly simplified and cheapened. How- 
ever, this cannot be done, for by means of the 
rail joints it is possible to allow for the differences 
in the length of the rail in hot and cold weather. 
In summer, when exposed to the strong radiation 
of the sun, the rails may reach temperatures of 
up to 60° C., whilst in winter their temperature 
may decrease to — 20°C. This great difference 
in temperature causes an appreciable variation of 
the length of the rail. Over a temperature interval 
of 80°C. the length of a 100-m. rail varies by 
9-6 cm., and that of a 36-m. rail by 3-4 cm. It 
is thus essential to lay the rails with adequate 
spacing, since they may expand and contract 
despite the spikes at the sleepers and the bolts 
at the joints. 

Let us assume that a line had been laid without 
joints, at a temperature of + 10°C. At + 60°C. 
we should then find a compressive stress of 12-9 
kg./sq. mm. in the rails, and at — 20° C. a tensile 
stress of 7-75 kg./sq. mm. The strength of the 
rails would be quite adequate to withstand these 
additional stresses, and there would be no danger 
of distortion, if the rails were perfectly straight 
and the sleepers well embedded in the ballast. 
On perfectly straight tracks it would thus be 
possible to lower the number of joints appreciably, 
whereas on tracks with numerous curves joints 
would be required at certain intervals, since on 
account of the variations in the length of the rails 
some lateral displacement of the sleepers might 
occur. 

For the conditions prevailing in Switzerland a 
rail length of 36 m. was found to be the optimum. 
Old lines had usually been laid in lengths of 9, 
12, or 18 m., so that 4, 3, or 2 of the former lengths 
used can be combined into one 36-m. “ long rail.” 
It has been observed that the ends of the rails 
show signs of wear, while the rails are still perfect 
over their length. A possible remedy in this case 
is to raise the rail ends and plane them. It is 
more usual, however, to build up the worn parts 
by welding, so that, after planing, the end of the 
rail has the same shape as that of the new rail. 

The methods applied in Switzerland for the 
production of welded rail joints are (1) the Hoff- 
mann method, (2) autogenous welding, (3) thermit 
welding, (4) butt-welding (resistance welding), 
(5) arc welding, and (6) the Sécheron method. 
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(1) The Hoffmann Joint 


The Hoffmann joint is a joint with fishplates, 
which have to be fitted exactly to each rail and 
fixed to it by riveting or screwing. Only the head 
of the rail, i.e., the running surface, is welded. 
The production of a satisfactory joint of this kind 
is elaborate and expensive. 


(2) The Autogenously Welded Joint 


The autogenously welded joint is welded over 
its whole cross-section. It can be produced easily, 
but its fatigue strength is very low, so that it is 
not often used. 


(3) The Thermit-Welded Joint 


The thermit-welded joint is rather complicated 
to produce, but is popular on account of its high 
fatigue strength. The fatigue strength, however, 
does not reach that of the Sécheron joint. 


(4) The Butt-Welded Joint (Resistance Welding) 


Butt-welded joints can be readily produced in 
the workshop, but the method is not used on the 
track on account of the cumbersome machinery 
required and the necessity of lifting the rails from 
the ground. The application of resistance welding 
on the track would necessitate an interruption of 
the rail traffic. 


(5) Arc-Welded Joints 

Arc-welded joints are distinguished by the 
simplicity of their production, which is possible 
without interruption of the rail traffic. However, 
up to the present, their fatigue strength has been 
low. 


(6) The Sécheron Joint 


The Sécheron joint was developed because of 
the low fatigue strength of ordinary arc-welded 
joints. It is likewise arc welded, but possesses a 
very high fatigue strength. 

When developing the Sécheron joint we were 
faced with the conditions that the new joint 
should possess a higher fatigue strength than 
previous electrically welded joints, and that minor 
welding defects should not affect the fatigue 
strength. At first it seemed impossible to achieve 
this aim, for it is well known that the fatigue 
strength is appreciably reduced even by quite 
minor welding defects, such as pores. A real 
improvement could thus be expected only by 
increasing the cross-section to such an extent 
that the welding defects to be expected on the 
line would be unimportant. However, it is 
generally known that the fatigue strength of a 
weld is not increased, but lowered, by an excess 
of weld metal, and it is even a regulation that 
this must be removed from highly stressed welds 
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Fic. 1—Photo-elastic studies of model welds reinforced 
on both sides and on one side 


of the type referred to in Table I. It is further 
known that the fatigue strength of a weld can 
be raised if a narrow groove is inserted at the 
edge of the seam by means of milling or lapping. 
This method is applied, for instance, in the electric 
welding of rail joints by the Katona process. 

At the Sécheron works we have observed, 
however, that fatigue fractures originate primarily 
from notches at the edge of the welded seam. 
The presence of excess weld metal on soft steels 
is not deleterious, provided that the cross-section 
does not alter abruptly anywhere, not even when 
the alteration is due to quite unobtrusive weld 
notches. Up to the present it has been generally 
assumed that the transition zone between the 
weld and the base material would be weaker than 
the remainder of the material, on account of the 
rather abrupt change in structure in that region. 
It has recently been found, however, that stréss- 
relief annealing or normalizing (at 920°C.) has 
only very little effect on the fatigue strength of 
test-specimens. If abrupt alteration of the 
structure had a great effect, normalizing of the 
specimens, leading to recrystallization of the 
metal, should greatly raise the fatigue strength. 
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According to our inyestigations, the abrupt change 
in structure in the transition zone between the 
base metal and the weld is not the cause of the 
low fatigue strength of the welded joints. In 
hard steels of the type used for rails, however. 
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Fic. 2—Evaluation of Fig. 1 ; curves showing the stress 
distribution over various cross-sections 


the effect of the alteration in structure was found 
to be disadvantageous, especially if the formation 
of a hard grain cannot be suppressed. The effect 
of progressive reinforcement on the stress distribu- 
tion in welds was studied carefully in practice 
and theory. 

The results of the photo-elastic study of a 
model, indicating the uniform stress distribution, 
are shown in Figs. 1 and 2. The evaluation of the 
photo-elastic pictures, represented in the form 
of curves, indicates that the maximum stress in 
the outer fibre at the boundary of the region with 
increased cross-section is about 25° higher than 
the mean stress, whilst in the middle of this region 
it is about 23% below the mean stress, decreasing 
still further towards the end of the region. If 
the increase in cross-section is unilateral, the stress 
at the flat side will be 25% higher than the mean 
stress. The stress will then decrease towards the 
reinforced side, becoming a compressive stress in 
the outer fibre. 

The fatigue strength at the fracture was about 
26 kg./sq. mm., 7.e., about the same as that of 
the unwelded steel. However, in welding, it is 
not only essential that a gradual transition from 
the cross-section of the rails to that of the 
maximum cross-section is aimed at, but at the 
same time the fact must be borne in mind that, 
on rapid cooling after welding, martensite is 
formed. The microstructure of welds in rail steel 
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THE WELDING OF RAIL JOINTS 





Fic. 3—Microstructures of (a) unaffected rail, (b) transition zone in preheated rail, (c) transition zone in 
non-preheated rail (martensite formation), and (d) weld in preheated rail 


is shown in Fig. 3, the difference between the 
structures of the preheated and non-preheated 
regions being clearly noticeable. As is well known, 
the purpose of preheating is to lower the rate of 
cooling at the weld and thus to prevent the 
formation of the hard martensitic structure. The 
macrostructures on welding preheated and non- 
preheated rail steel are shown in Fig. 4. The ball 
indentations and the darker colour clearly indicate 
the harder regions. 

Our tests on welded rail joints covered numerous 
designs. With a joint not reinforced, and welded 
over the whole cross-section, it is possible to reach 
a fatigue strength of about 23 kg./sq. mm., 
provided that the cross-section contains neither 
welding defects nor pores. If there are defects in 
the seam the strength falls immediately, below 
the strength value of 18-7 kg./sq. mm. required 
by the Schweizerische Bundesbahnen. 

Subsequently, numerous variations were tried 
with unilateral reinforcement of the upper face 
of the rail foot, a bulge being sometimes produced 
at the lower face by means of a backing-bar of 
suitable design. In other cases this bulge was 
removed. In these tests the specified minimum 
value of 18-7 kg./sq. mm. was often exceeded, 
but sometimes, if there were some minor welding 
defect, it was not even reached. Satisfactory 
results could thus not be achieved with certainty. 

Rail joints with fishplates of various design 
welded to them also did not yield results sufficiently 
reliable for use in practice. It was only the laying 
of thick beads on the upper as well as on the lower 
surface which led to good results (25 kg./sq. mm.). 
In addition, the experiments clearly indicated the 
effect of the dimensions of the welding bead 
as well as the degree of finishing work at the 
transition between the rail and the weld. In the 
experiments the rails were preheated to about 
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250° C. However, on the track it is not possible 
to produce a joint with appreciable thickening of 
the upper and lower face of the foot, since the 
latter is inaccessible. The author therefore tried 
to find a means of producing the thickening in 
an indirect way. For this purpose the rail foot 





Fic. 4—Macrostructure of deposits (a) produced with 
soft electrode on non-preheated rail steel, (6) pro- 
duced with BOR-S electrode on non-preheated rail 
steel, (c) produced with soft electrode on preheated 
rail steel, and (d) produced with BOR-S electrode 
on preheated rail steel. The magnitude of the ball 
impressions permits comparison between the hard- 
nesses in the various zones 
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Fic. 5—Rail ends prepared for welding Fic. 6—Prepared rail ends with copper Fic. 7—Method of examination 


by the Sécheron process 


is bent downwards while red-hot, the thickening 
being produced on its upper face by building-up 
with weld deposits. In order to enable the rail 
foot to be bent downwards, a cut about 2 cm. 
in length is made into the web of the rail, either 
by means of an electric arc or an autogenous flame. 
This procedure seems complicated at first sight, 
but in fact it does not cause any delay, since the 
rail ends must be preheated for welding in any 
case ; in practice it was found that the cutting 
of the web and the bending of the two red-hot 
rail feet of a joint occupies practically no addi- 
tional time. 

A rail foot prepared for welding is shown in 
Fig. 5. The bending of the rail bottoms is brought 
about as follows : A special shaping-block is fixed 
under the rail, and the rail foot is then heated to 
red heat by means of autogenous flames and bent 
into the block by suitable tools. All this takes so 
little time that there is no need to reheat the foot. 
After the preparation of one rail end, the block 
is placed under the other end and the process 
repeated there. The ends of the rail bottoms must 
then be cut into V form, since, on bending, the 
red-hot edges are usually slightly deformed by the 
tools. With the aid of the shaping-block men- 
tioned, it is easy to produce the same degree of 
bending of the rail bottoms at both sides of the 
joint, which simplifies welding. The whole pre- 
paratory work before welding takes only 5 min., 
one skilled welder and one unskilled worker being 
required. 

As soon as the special shaping-block has been 
removed, a copper backing-bar is placed under 
the joint, as shown in Fig. 6. This copper bar is 
fitted with a groove (of about 12 mm. width and 
1-2 mm. depth) through its middle, to ensure 
perfect welding-through and to produce a small 
welding bead on the back. The welder then 
deposits the first layer by means of BOR-S type 
electrodes of 3-8—4-6 mm. dia. He then removes 
the slag and the copper bar, in order to be able 
to examine the lower surface of the welding seam 
by means of a mirror (see Fig. 7), and the upper 
surface by direct observation. This examination 
is of importance in the training of the welder, 
as in the course of our investigations we have 
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backing-bar 


of the lower side of the rail by 
means of a double mirror, one 
part throwing daylight under 
the rail, the other serving 
for observation 


observed that serious defects occur only in the 
first layer, and if the welder has deposited this 
properly it may be assumed that the remainder 
of the joint will also be produced correctly. As 
soon as the examination of the first layer is 
completed, the welder replaces the copper bar 
and, without any further interruption, completes 
the weld, including the reinforcement. For this 
purpose electrodes of 4-6—-5-5 mm. dia. are used. 
The whole weld is produced without removal of 
the slag ; the only thing the welder has to do is to 
lead the fluid slag to the edge of the weld, from 
where it can flow off. The deposit must be so 
wide and so thick that, after finishing the surface, 
a thickening is obtained. This should be sym- 
metric at the top and bottom, but should be 30% 
less at the upper face and in the middle than at 
the lower face. 





Fic. 8—Appearance of rail joint after deposition of 
first layer 





Fic. 9—Appearance of rail joint after completion of 
foot ; vertical welding of web commenced 
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The welder must avoid overheating of the rails 
during welding, this being indicated by flowing-off 
of weld metal and spark formation at the weld 
surface. Also, he should be careful not to produce 
too thick a deposit at the edge of the reinforced 
zone, for this would unduly increase the sub- 
sequent grinding work. 

A rail with the first layer deposited is shown 
in Fig. 8. After finishing the rail foot with the 
necessary reinforcement, the web of the rail is 
welded vertically from the bottom to the top (see 
Fig. 9). For this purpose a copper bar is fitted at 
one side of the web, as shown in Fig. 10. The 
distance between the two rails is about 10-15 mm. 
For the vertical welding BOR-S type electrodes 
of 3-1 or 3-8 mm. dia. are used. As on welding 
the foot of the rail, the welder works without 
interruption, causing the slag to flow off immed- 
iately by means of the electric arc. The current 
density applied must be comparatively low, how- 
ever, for only a rather small amount of heat is 
transmitted to the web. Burning of the weld 
would cause pronounced porosity. The vertical 
welding is quite simple, and in numerous examina- 
tions of welders we have not come across a single 
man who found any difficulty in the vertical 
welding under the conditions given. 

When the web is finished, the copper backing- 
bar is removed and replaced by two corresponding 
bars under the rail head and about 2 mm. 
distant from it. In this way it becomes possible 
for the fluid slag to flow off between the rail and 
the backing-bars, whilst the more viscous weld 
metal is retained. 

For welding grooved rails, copper backing-bars 
of suitably adapted form are used, as shown in 
Fig. 10. On welding the rail head it is desirable 
to remove the slag in the usual way, by means of 
a pointed hammer or chisel, after depositing the 
first layer, so as to be able to make sure that the 
weld is perfect, for it is just this deposit which 
often contains defects. After the deposition of the 
first layer, the welding of the whole head is 
finished in one operation, the welder allowing the 
slag again to flow off to the sides of the rail head. 





Fic. 10—Use of copper backing-bar. The bar is fitted 
at one side of web, after which the vertical seam of 
10-15 mm. is filled with welding material, using 
BOR-S type electrodes of 3-1 mm. thickness or 
3-8 mm. dia. 
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On account of the great speed of its execution, 
the Sécheron welding process described has the 
advantage that the rail is kept at a high tempera- 
ture during the whole work, so that there is no 
danger of the weld metal or the rail steel cooling- 
down too quickly. Our investigations showed 
that, as a rule, the fatigue strength of the rail 
joint was the higher the more quickly the welder 
had carried out his work. 

When applying this welding process in practice, 
it was noticed that the firms commissioned with 
the work frequently employed beginners for the 
operation. These often did not deposit the first 
layer evenly, which led to pronounced faults at 
the base of the bead. In order to eliminate the 
danger inherent in such faults, the lower surface 
of the rail is protected by placing it at a greater 
distance from the middle line (10-mm. reinforce- 
ment) than the surface of the upper-part rein- 
forced zone, which is only 7 mm. thick. Even 
though it is by no means necessary for experienced 
welders to apply such a thick reinforcement as 
necessarily results from a 10-mm. bend of the rail 
foot, it is advisable to work with such a great 
bend at first in order to counteract incorrect 
welding by beginners. 

The welded rail joint must be inspected twice, 
first after the deposition of the lowest layer, at 
which opportunity the upper and the lower sur- 
faces of the seam are controlled, and a second 
time after finishing the joint. Grinding must be 
carried out so carefully that no trace of the 
transition from the rail to the welding bead 
remains visible. This is an essential point, which 
is often neglected by beginners unless their 
attention is specifically drawn to it. If traces of 
the original burnt-in notches persist, fatigue 
fractures may originate there. 

The apparatus required for producing the 
Sécheron joint is not complicated. There is first the 
copper backing-bar, with or without a flat groove. 
The bar must be fairly thick and wide, so that 
heat can be conducted rapidly away from the weld. 
If this is not the case, the bar begins to melt 
during the welding process, which would be very 
dangerous to the weld, since the copper-iron alloy 
which might be formed is very brittle and may 
easily lead to crack formation, especially if the 
copper contains some tin. In addition, a small 
copper backing-bar is required for welding the 
web, and two for welding the head. These bars 
are not stressed so much during welding as that 
used for welding the foot, since the seams are 
short and the welder applies a low current density. 
A welding torch and a strong burner for heating 
the rail are also required. For these, dissolved 
acetylene from gas cylinders was used originally, 
but it was found advisable to replace the cylinders 
by a carbide generator. Further tools required 
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are the special shaping-block for bending the rail 
foot, a hammer, a chisel, and finally an emery 
wheel. 

The number of electrodes consumed for a 
Sécheron rail joint of Bundesbahnen section I, 
laid on main lines, varies between 30 and 35 of 
BOR-S type of 3-8, 4-6, and 5-5-mm. dia. Des- 
pite this comparatively great number of electrodes, 
welding can be carried out very quickly, for the 
welder uses bis electrodes without any interruption 
and without having to remove the slag inter- 
mittently. 

Some 20 to 25 electrodes are required merely 
for welding the foot of the rail. It would be 
possible,.of course, to save a number of electrodes 
by welding steel inserts of suitable dimensions, 
e.g., flat steel pieces, into the reinforced zone. 
Experiments which we carried out for this pur- 
pose yielded satisfactory results (fatigue strength 
of about 24 kg./sq. mm.). However, the use of 
flat steel inserts requires considerable experience, 
for if they were positioned in such a way that they 
might cause a notch transverse to the direction of 
the rail or some other abrupt alteration of the 
cross-section, they could lead to premature 
fracture of the joint. For this reason, insert 
pieces of this kind are not used for the time being, 
but it is likely that they will be introduced at 
some later date when the welding firms have 
gained some more experience. 

In the spring of 1945 the Schweizerische 
Bundesbahnen carried out a number of-experi- 
mental welds with 16%-cycle A.C., in order to be 
able to use the current of the electrified railways 
for welding. The tests, which were carried out in 
the presence of an officer of the Eidgendssische 
Materialpriifungsanstalt and of an engineer of the 
Schweizerische Bundesbahnen, showed that it is 
possible to produce perfect rail joints with 163- 
cycle A.C. The tests were concluded by the 
comparison of joints produced by various pro- 
cesses. Sécheron rail joints yielded the highest 
fatigue strengths, the following values being 
obtained : 


Joint Number of Fatigue Strength, 
No. A.C, Cycles kg./sq. mm. 

l 163 23-5 

2 16% 22-5 

6 50 26-2 

7 50 27-4 


These excellent results aroused some interest 
and caused the Schweizerische Bundesbahnen to 
attempt the welding of the line between Olten 
and Lucerne. Subsequently a number of joints 
were cut off from the line and tested. The results 
did not come up to expectation, and on examina- 
tion of the joints it was found that everywhere 
the same mistake had been made. A short instruc- 
tion course and examination was consequently 
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introduced for all welders. Subsequently a second 
experimental line was welded, from which three 
joints were again cut off for testing, and this time 
they yielded the results expected. The tests were 
again carried out by the Eidgenéssische Material- 
prifungsanstalt, the three joints tested being 
selected by an officer of the Bundesbahnen. The 
fatigue-strength values of the three joints were 23, 
25-3, and 27-1 kg./sq. mm. The fracture of the 
least satisfactory joint was due to rather serious 
welding defects. Despite these defects the fatigue 
strength amounted to 23 kg./sq. mm., thus exceed- 
ing that achieved with welding methods applied 
previously, 7.e., autogenous welds produced with 
thermit and with the electric arc. The two other 
joints fractured beyond the weld, in the manner 
shown in Fig. 11. 

On account of the satisfactory results achieved, 
the Sécheron joint was admitted all over the lines 
of the Schweizerische Bundesbahnen. Based on 
numerous fatigue tests on welded rail joints (about 
150, obtained during the examination of welders) 
we arrived at the conclusion that it should always 
be possible to reach a fatigue strength of 27 kg./sq. 
mm. The following points, however, must be 
borne in mind : 

(1) Only skilled welders who have had a short 
training specifically for the welding of rails 
should be employed. By the routine examina- 
tion of the first deposit and of the finished joint, 
serious welding defects are excluded, as already 
pointed out. Minor welding defects, such as 
pores, are of no importance in practice. 





Fic. 11—Rail joint taken from line between Ziirich and 
Zug and fractured in fatigue test. Fatigue strength 
27-1 kg./sq. mm. 
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(2) The rails must be preheated carefully, 
and during the whole welding process their 
temperature should not fall below 300° C. 

(3) The upper and lower surface of the rail 
foot at the beginning of the reinforced zone, as 
well as at the edges of the foot, must be carefully 
ground, a finishing treatment with a fine- 
grained emery disc being required. 

When testing rail joints it was found that a 
number of fractures originated from the head, and 
not from the foot, even though the latter had been 
exposed to the greatest tensile stress. In our tests 
we observed a number of fatigue fractures in the 
rail head which had been formed long before the 
fracture of the rail foot. They were typical com- 
pression-fatigue fractures, and often originated 
from welding defects in the rail head. This is 
due to the fact that the welders often have the 
belief that they have done their duty when the 
rail foot is welded satisfactorily, and do not apply 
great care to the remainder of the work. In Fig. 12 
is shown the head of a rail joint with a fatigue 
fracture which developed under compressive stress 
after 1,300,000 alternations, whereas the foot 
fractured only after more than 4,000,000 alterna- 
tions when exposed to tensile stress. The fatigue 
fracture in the head can easily be recognized by 
the appearance of the grain structure, and, in 
addition, usually by the discoloration of the 
fracture. All the above tests were carried out on 
rails rejected from the lines after they had served 
for heavy transport for a long time. It is possible 
that the formation of the fatigue fractures in the 





Fic. 12—Rail joint, the fatigue fracture in head of which 
was formed after 1,300,000 cycles of compressive 
stress, whilst the foot withstood over 4,000,000 
cycles in tension 
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rail heads owing to pure compressive stress was 
enhanced by the great deformation of the running 
surface. 

In practice, when in position on the track, the 
‘ail head is exposed not only to compressive stress 
but alternately also to tensile stress, though the 
latter is much lower. It seemed therefore of 
interest to measure the fatigue strength of welded 
rails with the head in the zone of tension and the 
foot in the zone of compression, 7.e., the rail was 
put upside-down on the fatigue-testing machine. 
In this position properly welded rails reached a 
fatigue strength of 20-22 kg./sq. mm., which could 
be increased by reinforcing the rail head. 

As a rule, the welding of rail joints will be 
combined with the building-up of the worn rail 
ends. We have found that thorough preheating 
is particularly important for work of this kind ; 
thus the heat produced on welding the joint is 
not sufficient for the subsequent building-up of 
the adjoining zone, which may extend over 40- 
60 cm. Our tests showed that in cases in which 
building-up was carried out immediately after 
welding the joint, 7.e., without heating the rail 
to a higher temperature, the fatigue strength of 
the head fluctuated between 15 and 18 kg./sq. 
mm., the fracture being due to the formation of 
martensite. However, no trace of primary cracks 
—which would have been recognized without 
difficulty by the discoloration and the shape of the 
grain—could be found. 

The stress to which the rails are exposed on 
the track is much lower than the fatigue strength 
required by the Bundesbahnen. A load of 18-7 
kg./sq. mm. corresponds to a load of 14-5 tons 
with a length of 120 cm. between the supports 
on Bundesbahnen section I. Instead of stresses 
varying between zero and 14-5 tons, an interval 
of between 1 and 15-5 tons is chosen for experi- 
mental reasons. On the track, the distance 
between the sleepers is only 65 cm. and the 
maximum wheel pressure only 10 tons. Besides, 
the rails are fixed on the sleepers, /.e., rigidly 
clamped, whereas this is not the case in the 
fatigue-testing machine. The stress to which the 
rail foot is exposed on the track is thus only 
one-sixth to one-quarter of that specified for 
fatigue tests. In some respects, however, the 
conditions on the track are less favourable, in 
that alternately slight compressive stresses and 
then high tensile stresses are developed in the rail 
foot, i.e., the load does not vary between zero 
and a maximum, as on the testing machine. 

Optimum conditions prevail if the sleepers are 
well tamped. If they lie loosely on the ground, 
however, it is possible that the length between 
two supports exceeds 65 cm. When trains run 
over the track the rail will be bent down until 
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Fie. 13—Joint with angle fishplate fractured after 


54,000 cycles, the load varying by 9-5 tons. Distance 
between supports, 120 cm. 


the sleepers in question become firmly bedded on 
the ground. 

Finally, it may be mentioned that the number 
of bending stresses to which a rail joint is sub- 
jected in the course of its life is well above one 
million, whilst the fatigue-strength values given 
above refer to one million alternations of load. 
On a line with lively traffic, e.g., from Geneva to 
Lausanne, a million alternations of load can be 
reached within a year. On the other hand, the 
number of wheels which actually apply the maxi- 
mum load of 10 tons is very small, and in fact 
occurs only with heavy engines and some special 
trucks. 

If we assume the life of a rail to be 15 years 
and the number of loads per year to be one 
million, then the number of loads to which the 
rail is subjected in the course of its life amounts 
to 15 millions. Further, if we apply the empirical 
rule according to which the doubling of the 
number of loads lowers the fatigue strength by 
10%, then we find that, after exposure to 15 
million loads, the original fatigue strength of 
18-7 kg./sq. mm. will fall to 12-3 kg./sq. mm. 
This leads to the conclusion that the fatigue 
strength specified, which at first sight appears 
very high, has not been fixed higher than neces- 
sary, especially if it is borne in mind that some 
corrosion is quite unavoidable. 
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Fic. 14—Joint with reinforced angle fishplate, fractured 
after 195,000 cycles, the load varying by 14-5 tons. 
Distance between supports, 120 cm. 


The BOR-S type electrodes used for welding 
have the following properties : The tensile strength 
is about 65 kg./sq. mm. ; the elongation, referred 
to five times the diameter of the specimen, is 
about 25%, ; and the notched-bar-impact strength 
is 12 m.kg./sq. cm. The same electrodes are also 
used for building-up the running surface of the 
rail, the hardness of the deposit corresponding 
to that of ordinary rails. 

For the sake of comparison, fatigue tests were 
also carried out on some rail joints with fishplates 
in the course of the investigation, even though 
comparison of a fishplate joint with one that is 
rigidly connected by welding is not really justi- 
fiable. However, the immense difference between 
the fatigue strengths of the two types of joint is 
of interest. Not even under a static load did the 
fishplate joint stand the load to which a welded 
joint is subjected a million times. Even with a 
50% lower load the fishplate joint fractured after 
only 160,000 alternations. The joint with angle 
fishplates, shown in Fig. 13, withstood a load two- 
thirds of that prescribed for the fatigue tests for 
only 54,000 alternations. Finally, the joint with 
reinforced angle fishplates, reproduced in Fig. 14, 
though withstanding the full load in a static test, 
suffered fatigue fracture after only 195,000 
alternations. 

The above results prove that the fatigue strength 
of the welded Sécheron joint is far superior to that 
of the popular fishplate joints, and even these 
have proved adequate on the track for many 
years. It can thus be anticipated with certainty 
that welded rails will not entail any risk whatever 
for the railway companies. 
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Requirements of Steel for Gas Turbines’ 
By H. R. Zschokke and K. H. Niehust 


SYNOPSIS 


When testing and evaluating heat-resistant steels for gas turbines used in peace time 
on land and sea, other criteria must be taken into account than in the case of aeroplane 
d turbines, especially those for military aircraft. This is due to the fact that in peace time a 
“ life of many years is required, whereas for aircraft turbines a life of a few hundred hours 
is enough. This difference is especially important in the evaluation of creep tests on 
steels used for turbine blades. The alterations of the structure after long exposure to 
high temperatures need further exploration, and the value of various methods applied to 


4 raise the creep limit must be studied more carefully. Apart from the creep limit, the fatigue 

d strength is of vital importance to the engineer, and the same applies with regard to the 

" corrosion resistance of the blades and the combustion chamber. Here, too, the requirements 

h are much more stringent than for aircraft turbines, since completely different fuels are 

‘ used. The steels for the rotors, turbine housings, and gas ducts must likewise be selected 

‘ most carefully on account of the high and varied stresses to which these parts are exposed. 

ze Scaling-resistant chromium steels often show a pronounced tendency to embrittlement. 

ai When used in combustion chambers they are in addition exposed to corrosion by oxidation 

” and oil residues. Apart from heat resistance, good mechanical properties such «s machina- 

. bility, weldability, forgeability, and bendability are, of course, indispensable in practice. 

h The gas turbine was introduced in iron and steel works at an early date. Its first use 

. was that of an auxiliary engine for the Brown Boveri Velox steam generator. Gas turbines 

4 working at temperatures of 500°-570° C. proved satisfactory for this purpose, the working 

“ life in one case exceeding 70,000 hr. Experience has also been gained over many years 

a with gas turbines, at a temperature of 500° C., used in oil refineries for the Houdry cracking 

. process, combustion turbines for use at 500°-600° C. producing the air for blast-furnaces 

d and steelworks have also been brought on the market by Brown Boveri, and more are under 

" construction, which seems to indicate that the combustion turbine will find interesting 

™ applications in iron and steel works. 

e 

4 PROBLEMS OF MATERIAL of testing and examination were thus adapted, 

- HE advancement in the development of steels uring the war, to the determination and control 

h for gas turbines during the last ten years was of the various properties, such as the creep 

t, presumably greater than in any field of ferrous rate, time to fracture, and corrosion resistance, 

;, metallurgy. This is mainly due to the fact that within a period of 300 hr., and in some cases 

0 the requirements of the manufacturers of aircraft 500-1000 hr. This is clearly illustrated by the 
engines and jet propulsion engines had to be met. Numerous papers on gas turbine steels published 

h For this reason it was mainly in the countries at by the countries which were at war. 

t war in which intensive research work was carried § Even though the restriction to a short life 

e out, resulting after a short time in the develop- meant a certain limitation, it had the advantage 

y ment of a number of new alloys for turbine blades that valuable experimental data, on which the 

y and discs. The strength of these steels at high designs could be based, were obtained within a 

r temperatures reaches values which would not have short time. There was no need to employ daring 


extrapolations from short testing times to long 
periods in practice, experiments extending over 
to rotor blades and discs of turbo superchargers Only 12-13 days yielded reliable answers to any 
and jet-propulsion gas turbines for military air- question. his advantage of the short testing 
craft—bombers as well as fighters—the life of times greatly facilitated the work of the engineer, 
which was, in any case, antizipated to be short, and in fact is the cause of the amazing develop- 
ie., some 200-300 hr., depending on the use ment in this field. 

intended. The life in the engines of rockets is 


been thought possible some ten or twenty years 
ago. The use of these alloys, however, was limited 





said to have been 30-60 min. only. * Received 24th March, 1947. 
The investigation of the alloys and the methods + Brown Boveri and Co., Ltd., Baden, Switzerland. 
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Fic. 1—Long time creep tests at 700° C. Analysis of the alloy: C, 0-189; Cr, 15-799; Ni, 14-49%; Co, 7-1%; 
W, 2:9%; Ti, 0:09% 


In some neutral countries, however, the attempt 
had been made many years before the war to 
develop the gas turbine for peace-time uses, and 
it is now being used as the driving engine for 
electric generators in power stations, for gas- 
turbine railway engines, in ships driven by gas 
turbines, for the turbo superchargers of Diesel 
engines, and for many other industrial purposes. 
It is obvious that for such uses the minimum life 
of an engine must have an order of magnitude 
entirely different from that in military .aircraft. 
Lives not exceeding 500, 1000, nor 10,000 hr. are 
quite out of the question, for no purchaser would 
be willing to have to replace the rotor or the 
blades of his engine every year. 

Our gas turbines must thus be designed for lives 
of ten or more years. This means that numerous 
questions regarding the behaviour of available 








steels under the conditions prevailing in gas 
turbines cannot be answered by experiment. Such 
an experiment would take 10 years ; and if the 
engineer had to wait for the testing result, the 
application of new alloys in practice would always 
be 10 years behind the metallurgical development. 
The gas turbine industry is neither willing nor 
able to put up with such a long waiting period. 

Based on theoretical considerations it is pos- 
sible, however, to determine the properties under 
investigation by extrapolation, to long periods, of 
the results obtained within a reasonable testing 
period. This extrapolation must be put up with, 
even though to the practical man any theory is 
nothing but a theory as long as it cannot be 
proved by numerical data. 

A further difference between the gas turbine 
for peaceful uses and that for military aircraft is 
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STEEL FOR GAS TURBINES 


that in the latter pure fuels are used which leave 
practically no residues and yield no aggressive 
combustion products, whilst for the former, crude 
oils and mazute, with sulphur contents of up to 
4% and ash contents of up to 0-1% are used. 
This difference is particularly noticeable in the 
combustion chamber. 

These considerations show that despite the 
important investigations and the numerous publi- 
cations of the countries at war, there are still 
many problems to be solved in the selection of 
suitable steels for civil gas-turbine construction, 
further lengthy and patient experimenting being 
indispensable. The possibility of choosing testing 
periods of the same duration as the actual lives 
required enabled the aircraft industry to utilize 
gas-inlet temperatures exceeding 800° C., which 
must be considered to be a great achievement of 
the metallurgist. 
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being applied for testing purposes already. For 
the turbines at present on the market or under 
construction, however, ‘ conservative,’ i.e., low 
temperatures of the incoming gas must be adhered 
to, for only then is it possible to guarantee the 
safety of a turbine. 

Fortunately the conditions are more favourable 
with working temperatures of 550°-630° C. at the 
turbine blades. In fact, gas turbines working 
within this temperature range were built fourteen 
years ago and are still in use today. During this 
experience practical information has been obtained 
which is more helpful than all curves put together. 

The steel selected for this temperature range 
proved to be satisfactory, and is still used nowa- 
days for this range of temperature. It is a chro- 
mium-nickel-tungsten steel containing at the 
most 0-1°% of carbon, 18% of chromium, 9% of 
nickel, 1°% of tungsten, and 0-7°% of titanium or 
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It is obvious that the risk faced by the engineer 
increases with the temperature ; the permissible 
stresses become much lower, the creep increases 
rapidly, and the chemical reactions causing 
corrosion become more intense. For these reasons 
it is not possible as yet to adopt for peace-time 
uses the high-temperature ranges usual in the 
aircraft industry, ¢.e., temperature ranges in which 
the extrapolation of results obtained during 
comparatively short testing periods to long lives 
would be too risky. This does not mean, of course, 
that we do not wish to apply higher temperatures, 
which would be very advantageous with regard 
to the efficiency of the turbine. On the contrary, 
the whole tendency of our investigations aims at 
higher working temperatures, which, in fact, are 
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2% of columbium. This steel is stabilized and is 
thus not prone to intercrystalline corrosion. Its 
scaling resistance is adequate and it can be pro- 
duced with very high creep strengths. It is 
rendered sufficiently stable when heated for long 
periods, i.e., its elongation and toughness do not 
drop to inadequately low values. It can easily 
be forged, rolled, welded, and machined, and has 
the advantage of containing neither too many ner 
too expensive alloying elements. Unfortunately, 
however, its creep limit decreases rapidly above 
650° C., so that its use is out of the question 
with gas temperatures approaching 700° C. 
When examining steels with regard to their 
suitability for turbine blades, they are subjected 
to creep tests in which the times are determined 
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after which, with constant load and temperature, 
certain extensions are reached and _ fracture 
eventually occurs. The results of some tests of 
this kind carried out in our laboratory are repre- 
sented in Figs. 1-3 in the well-known double 
logarithmic scale. It is obvious that the curves 
are greatly affected by the alloy composition. In 
Fig. 1 the curves for creep elongation and rupture 
lie very close together and run parallel, whilst in 
Fig. 2 they diverge more and more with decreasing 
load, and in Fig. 3 there is a pronounced dis- 
continuity, a kink in fact, in the curve after about 
1100 hr. Such a sudden drop of the creep limit 
after a certain time is often observed. 

Figure 4 gives a diagrammatic representation 
of some typical curves at about 700° C., showing 
at the same time the maximum testing times and 
lives required. The diagram clearly shows that 
an alloy B may be perfect for use in aircraft, 
although after only 1000-3000 hr. it becomes 
inferior to an alloy C, which in its turn is con- 
sidered inferior for aircraft. In the extrapolated 
right-hand part of the diagram, in which the 
curves are dotted, the errors would become still 
greater if the classification of the steels were based 
on their behaviour in short-time tests. Thus alloy 
D, which would be quite unsuitable for use in 
aircraft, proves to be the most reliable in long- 
time service. However, this cannot be proved by 

‘test results, for even after 3000 hr. alloy D 
occupies the last but one place. 

Whether curves and extrapolations of this kind 
refer to times of fracture, or to times at which a 
certain permissible extension is reached, or to 
creep rates, the problem always remains the same. 
In diagrams of this kind the curves of certain 
alloys are continuous, whilst others show a kink— 
a fact which causes considerable unreliability. 

It would thus be most desirable to find a 
metallographic explanation of this kink. It is 
sometimes assumed to show the beginning or the 
end of the over-ageing of precipitation-hardening 
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alloys, 7.e., the coagulation of the critically dis- 
persed precipitating particles, meaning that hard- 
ening discontinues. Another explanation of the 
phenomenon is that it is due to the beginning of 
recrystallization, which would likewise reduce the 
creep resistance. 

The question arises whether such a discontinuity 
is specific to some alloys or whether it is a general 
phenomenon, ?.e., will any alloy sooner or later 
show such a discontinuity, or are there some 
alloys which are free from it? In our example 
Fig. 4, both alloys C and D show continuous 
behaviour up to the longest possible testing time. 
Are we entitled to assume that C will continue to 
remain stable, like D, or must we assume that D 
will show the same kink as that traced for C ? 
All these vital questions cannot be answered as 
yet. They were raised, however, in order to 
stimulate metallurgical investigation and to give 
some idea of the difficulties which might be 
encountered if the working temperature of tur- 
bines for peace-time use were suddenly raised. 


Factors Affecting the Creep Limit 

The creep limit of alloy steels of this kind can 
be greatly improved by suitable treatment. For 
a given composition the following possibilities are 
known : precipitation-hardening, hot or cold work- 
ing, and coarse-grain recrystallization. Titanium, 
molybdenum and, to a lesser extent, aluminium, 
boron, and nitrogen have become known as being 
suitable and effective in causing precipitation- 
hardening of austenitic alloys. Little has been 
published regarding the characteristics of the 
precipitation phenomena brought about, and 
numerous problems are awaiting their solution. 

The factors, viz., the critical hardening period 
and temperature, the effect of incorrect solution 
heat-treatment (incomplete, or at too high a 
temperature), were usually studied by hardness 
measurements at room temperature, but they 
must be complemented by the study of the 
resistance to creep, for there is no relationship 
whatever between the creep limit and the hardness 
at 20° C. 

It would be convenient, if it were possible, to 
let the steel undergo precipitation-hardening 
whilst in use. It could then be worked and 
mounted after solution treatment whilst still soft, 
and it would reach its maximum strength only 
after the first run at high temperature. However, 
since it is not feasible to work with a low number 
of revolutions, and high stresses occur from the 
very beginning, precipitation-hardening would 
have to proceed so quickly as to be completed 
after only 1-2 hr., i.e., before the extensions of 
the parts of the engine first overstressed can 
reach dangerous dimensions. 

A further important factor is the amount of 
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embrittlement, which is usually combined with 
precipitation-hardening. It may be assumed that 
there are certain steels in which precipitation- 
hardening is possible without being accompanied 
by complete embrittlement, i.e., steels retaining 
sufficient elongation and toughness over a long 
period. This would be particularly desirable for 
steels used in gas turbines. 

A simple means of raising the creep strength 
consists in cold working the steel at low or 
medium temperatures, the effect being largely 
retained until the temperature of crystal recovery 
is reached. Figure 5 summarizes the results of an 
investigation on which we reported recently.* It 
shows the effect of the degree of cold work on the 
creep limit at various testing temperatures. It is 
obvious that for each temperature there is an 
optimum degree of cold work which causes a 
considerable rise of the creep limit. The effect of 
the cold work decreased with the temperature, 
disappearing with the beginning of crystal 
recovery, 7.¢., the preliminary stage of recrystal- 
lization. 

This method of raising the creep limit is of 
importance also where the new alloy steels 
designed for higher temperatures are concerned, 
and was often applied to those used in aircraft. 
The favourable effect of cold or hot work is the 
more pronounced the higher the recrystallization 
temperature of the steel. It is thus essential for 
a gas turbine steel to possess as high as possible 
a recrystallization temperature. 

The study of the combination of precipitation 
hardening and cold work offers particular interest. 
By suitable cold work the precipitation process 
can be greatly accelerated which, as pointed out 
above, may be very desirable. It is still an open 
question, however, whether in this way coalesc- 
ence, 7.€., over-ageing, is not unduly accelerated 
too. 

The grain-size is likely to have less effect. Still, 
it is indicated in numerous publications that at 
high temperatures a coarse-grained recrystallized 
structure is superior to a fine-grained structure. 
This is doubtless due to the fact that with increas- 
ing temperature the grain boundaries lose their 
strength more quickly than the austenite grain 
itself, the decrease in strength being greatly 
affected by the rate of deformation, i.e. the rate 
of creep. This, incidentally, is the reason why 
after short periods at high temperatures the 
fractures are transcrystalline, whilst after longer 
periods with lower loads they became inter- 
crystalline, the elongation at fracture decreasing 
greatly at the same time. Thus, even if a steel 
shows only a slight extension in a creep test, it 
is not impossible that it may appear to have a 





* Brown Boveri & Co., Review, 1946, No. 9. 
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satisfactory ductility when deformed rapidly, 
e.g., by an impact. 


The Effect of Fatigue Stress 


Apart from the creep limit, the fatigue strength 
and internal damping properties of gas turbine 
blades are of vital importance, but few experi- 
mental data regarding these properties are 
available, not even for testing times below 300 hr. 
Whilst at low temperatures the permissible stress 
for a certain number of stress reversals, 7.e., the 
fatigue strength, indicates the limit on exceeding 
which a fatigue fracture occurs, the corresponding 
limit at high temperature is represented by the 
maximum stress that causes no undue extension 
by creep. This is of particular importance when 
the alternating stress is superimposed on a static 
tensile stress. If the fatigue strength with various 
mean static stresses is determined at various 
temperatures, it is found that at low temperatures 
it is always lower than the yield point, and at 
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high temperatures higher than the creep limit. 
There is an intermediate temperature at which 
the static yield point and the fatigue strength 
are identical. This temperature varies with the 
definition of the creep limit and the frequency of 
the load reversals applied when determining the 
fatigue strength. The height of this temperature 
is of vital interest, for it determines the transition 
from brittle fatigue fracture to extension by 
creep, and indicates to the engineer up to which 
temperature the fatigue strength is the criterion 
of the maximum permissible stress, and from 
which temperature onwards the creep limit. 

Figure 6 gives a diagrammatic illustration of 
the fatigue strength curves of an unsuitable steel 
at 20° and 700° C., fatigue strength meaning here 
the upper limit of the static and alternating 
stresses combined. Whereas with increasing mean 
stress the permissible amplitude of the alternating 
stress decreases but slowly at 20°C., the corre- 
sponding useful area at 700° C. is much smaller. 

The unfavourable effect of this in practice is 
illustrated by Fig. 7 for the case of a cylindrical 
gas turbine blade. Whilst the outer part of the 
blade attains practically the same temperature as 
the surrounding gas, its root, depending on the 
mounting and cooling of the rotor, is cooler by 
about 50°-100° C. Consequently the creep 
strength is higher here, but the fatigue strength 
may be lower if the above-mentioned critical 
temperature is not reached. It must be borne 
in mind that the combined static and alternating 
stresses are highest at the root, and cases may 
thus arise in which the permissible stress is lower 
in the colder than in the hotter part. 

Apart from ordinary bending vibrations, trans- 
verse vibrations of higher frequency may occa- 
sionally arise, in which case it is even possible that 
the highest stresses are acting near the tip of the 
blade. However, by suitable design, risks of this 
kind can always be avoided. A condition which, 
in any case, must be fulfilled by a gas turbine 
steel is that even at high temperatures it must 
possess satisfactory damping properties and a 
high fatigue strength. The latter should be higher 
than, or at least equal to, the creep limit at the 
same temperature. 


Anti-Corrosion Requirements 


A steel for turbine blades must fulfil certain 
conditions also with regard to corrosion resistance. 
A primary requirement is that the steel should be 
so resistant to corrosion that the cross-section of 
the blade does not decrease in the course of time. 
Further, it is essential that the surface remains 
smooth, so that the resistance to flow is not 
increased by any unevenness. For these reasons 
for temperatures up to 750° C. a chromium content 
of about 16-18% is required, scaling resistance 
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being ensured in this way. Apart from oxygen, 
the gases carry sulphurous compounds. Still, even 
with high nickel steels no appreciable increase of 
corrosion is likely up to 600°C., provided that 
there is always an excess of air present during 
combustion, so that the atmosphere remains 
oxidizing. However, if, owing to insufficient air 
supply, the gases contain incompletely oxidized 
sulphur compounds, steels of this type may suffer 
intercrystalline corrosion. 

In this connection the question of interest is 
whether an austenitic chromium-nickel steel 
should be stabilized at high temperature before 
use in order to prevent the precipitation of 
carbides, which, as is well known, greatly lowers 
the resistance to corrosion by dissolved electro- 
lytes, leading to grain disintegration and inter- 
crystalline corrosion. The blades are never exposed 
to corrosion by liquids, but the question arises 
whether gases may cause intercrystalline attack 
of this kind. We found that this is not the case 
at 600° C. This means that steels for the blades of 
gas turbines need not be stabilized, which, 
amongst other advantages, has the advantage that 
the range of suitable carbon contents need not 
be narrowly restricted. 
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When choosing higher gas temperatures it must 
be borne in mind that with incomplete combustion 
carburization or nitriding may take place. Reac- 
tions of this kind do not proceed to an appreciable 
extent at 600° C., so that phenomena of this kind 
are not encountered with the temperature range 
used nowadays in turbines. 

With regard to the strength of the rotors and 
dises of the gas turbine, the problems arising are 
the same as in the case of the blades ; again an 
exact knowledge of the precipitation phenomena 
and all the above-mentioned factors is required. 
The temperatures of the discs are considerably 
lower than those of the blades, so that the danger 
might be expected to be smaller. On the other 
hand, however, it is more difficult to achieve the 
same strengths and creep limits over the whole 
of a large forging than over rolled or forged bars 
of small cross-section. Incidentally, the principal 
stresses in the discs are due not only to the 
centrifugal force but, in addition, to appreciable 
thermal stresses caused by the great radial 
temperature gradient. The highly stressed parts 
close to the centre remain relatively cold, so that 
it is essential that the discs possess a high yield 
point at low temperatures as well as a high creep 
limit. 

Attention must further be given to the fact that 
the coefficient of expansion should be as similar 
as possible to that of the blades, as otherwise 
troubles might arise in the periphery of the rotor 
which would compel the engineer to apply 
elaborate precautionary measures. 


The fatigue strength of the rotor is of minor 
importance, and besides, the danger of corrosion 
is not so great here. The method of increasing 
the strength by cold work discussed in connection 
with the turbine blades offers interesting possi- 
bilities of affecting the yield point only locally 
in certain areas of the disc. 

The inner surface of turbine housing is exposed 
to the maximum gas temperature so that, if 
intended for high-temperature ranges, they must 
be cast from high-alloy steel, unless the walls are 
thoroughly cooled from outside. Another possi- 
bility is to fit the gas ducts with an inner, double 
wall, a kind of thin-walled lining, which must be 
scaling-resistant and allow internal cooling of the 
outer wall. It is then permissible to choose a 
comparatively inexpensive low molybdenum steel 
of ordinary quality for the latter. The inner wall, 
however, must be formed by a thin-walled 
chromium-steel casting which requires great 
metallurgical experience of the steel foundry. 
Depending on the gas temperature to be applied, 
the chromium content of such castings varies 
between 14% and 18%. It is essential that they 
possess good welding properties, which can be 
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achieved by careful control of the composition 
and grain-refining additions. 


Corrosion of the Combustion Chamber 


When considering the steels for gas turbines, 
those intended for the blades seem to be of 
primary importance, but the problems arising in 
connection with the combustion chamber should 
not be under-estimated either. In this, the fuel— 
consisting at present mainly of crude oil—mixed 
with compressed air is injected and burnt. Owing 
to the more or less direct contact with the flame, 
the walls of the combustion chamber reach high 
temperatures, and besides, they may in certain 
zones be covered with oil residues. There are 
various possibilities of lining in the combustion 
chamber, but the materials used have always to 
fulfil the most exacting requirements. Metallic 
walls offer great advantages. They must consist 
of a steel sufficiently resistant to oxidation up to 
about 900°-1000° C. Besides this they must be 
insensitive to attack by sulphur, since the local 
formation of unsaturated sulphur compounds is 
not impossible here. 

The selection is thus restricted to a high-alloy 
chromium steel, careful selection of the composi- 
tion being essential. Experiments have shown that 
even with chromium contents of only about 25%, 
minor variations from the standard composition 
may lead to the formation of the o phase (an 
intermetallic chromium-iron compound, which 
has been known for about twenty years). In the 
literature regarding this o phase it is usually 
assumed that its formation is possible with 
higher chromium contents only, but the phase 
boundaries are shifted considerably by certain 
alloying elements. Figure 8 shows some o inclu- 
sions in chromium ferrite, indicating that these 





(a) As delivered ; chromium ferrite (6b) After annealing at 750°C. and (c) Same as (b) with special etching. 
(a) with some carbides aircooling ; « + carbide, o and 6 appears black, carbides white. 
carbide appearing white 
Fic. 8—Microstructures of heat-resisting steel before and after prolonged heating. Analysis : C,0:2%; Si, 0-9%; 
Mn, 0-6%; Cr, 26-17%; Ni, 0-25%; Ti, 0°15% 
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are mainly formed at the grain boundaries. This 
structural component is exceedingly brittle, and 
in its presence even minor deformations of the 
steel become impossible. 

Figure 9 shows the bending angles of bend test 
specimens after only 2 hr. heating at temperatures 
of 500°-900° C. The rapid embrittlement and the 
magnitude of the loss in ductility are obvious. 
The dangerous temperature for this kind of 
embrittlement lies between 650° and 900°C. 
Above the latter temperature the o phase is re- 
dissolved and its effect disappears. As mentioned 
above, by suitable adjustment of the composition 
this fatal embrittlement can be avoided. Never- 
theless, scaling-resistant chromium steels cannot 
be considered to be strong insensitive materials. 

Apart from the embrittlement due to the 
formation of the o phase, a reduction of the 
ductility is observed at 475°C. in certain types 
of chromium steel, and all chromium steels tend 
towards considerable coarse grain formation when 
heated for long periods at their recrystallization 
temperature. In addition, their welding properties 
are usually unsatisfactory. 

For all these reasons the utmost care is required 
in the production and treatment of the steels for 
combustion chambers. A wish, presumably 
expressed before, and shared by all consumers 
(especially furnace designers), is that the metal- 
lurgist should bring about some improvement in 
the mechanical properties of scaling-resistant 
chromium steels, in particular, better weldability 
and suppression of the tendency to embrittlement. 

Because of the high temperatures prevailing, 
carbon might be taken up from the gaseous phase 
by the combustion-chamber walls. Care must 


thus be taken that the excess of air is so great 
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that neither carbon monoxide nor hydrocarbons 
can be present ; in normal working of the turbine 
the excess of air is, in fact, sufficiently great. 
Fortunately no exacting requirements need be 
made regarding the strength of the combustion 
chamber walls, since they have to carry merely 
their own weight. 

The oil ‘ slags,’ however, i.e., the residues, fluid 
at high temperature, which are left on combustion 
of crude oil, are most dangerous ; and hardly any 
metal is able to resist for a long period the attack 
of these residues which dissolve the metal oxides 
formed on the surface and thus lead to rapid 
destruction of the walls. For this reason very 
efficient cooling of the inner walls of the com- 
bustion chamber is required—to lower tempera- 
tures than would be necessary to prevent oxida- 
tion and lowering of the strength—so that the oil 
residues solidify when coming into contact with 
them. (In the solid state the residues do not affect 
the walls.) Again we are at a disadvantage 
compared with the aircraft turbine, where with 
the pure fuel used (benzene) such problems cannot 
arise. 

Even if the walls of the combustion chamber are 
lined with ceramic material, careful study of the 
refractory bricks used is indispensable if failures 
are to be avoided. The low heat conductivity of 
these bricks leads to much higher wall tempera- 
tures. On account of the rapid heating and cooling 
to which these bricks are exposed it is essential 
that they possess a high resistance to changes in 
temperature. Besides, they should be as immune 
as possible to the attack by oil residues—a 
condition which can be fulfilled by suitable 
selection of the composition of the bricks. 

The purpose of the above brief and incomplete 
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review is to give some idea of the multitude of 
problems involved in the selection of steels suitable 
for gas turbines. For working temperatures of 
about 600° C. these problems have already been 
solved, gas turbines working at about this 
temperature having been in operation for many 
years, but patient and intensive research is 
required before a turbine working at 700° C., with 
the study of which we are at present concerned, 
becomes a reality. This research can lead to 
success only if metallurgists and steelworks 
continue to help us with their knowledge and 
experience in the same way as they have up to 
the present. Without their aid the development 
to the present stage would not have been possible 
—-a development which is useful not only to the 
engineering and power plant industry, but also to 
the steelworks themselves, for even at the early 
stages of its development the gas turbine was 
put to use in the steelworks. 


Gas TURBINES AS AUXILIARIES FOR VELOX 
BormLeRs 


In 1933, Brown Boveri erected the first Velox 
steam generator in an iron and steel works in 
Normandy. A gas turbine serves for driving the 
compressor unit of this supercharged boiler, 
developed by Brown Boveri, which combines 
exceptionally low unit weight with forced circula- 
tion and completely automatic control. Figure 10 
shows this first plant. The gas turbine, which in 
this case drives the two axial-flow compressors 
for blast-furnace gas and combustion air, is placed 
in such a way between the heating surfaces of 
the boiler, that with full load the driving gases 
enter the turbine at about 500° C., the power 
of the gas turbine corresponding roughly to the 
combined power of the compressors. 

The plant is started and controlled by means 
of an electric motor which, by means of a Leonard 
group supplies some energy to the compressor 
if required, or gives off any excess energy to the 
main. 

The steam output of the Velox boiler is con- 
trolled by varying the number of revolutions of 
the compressor. The boiler is designed for the 
production of 12 (metric) tons of steam per hour at 
a pressure of 33 atm. and a steam temperature of 
425°C. The combustion chamber is_ super- 
charged to 2-5 atm. The blast-furnace-gas 
compressor absorbs 565 kW. and the air com- 
pressor 465 kW. The gas turbine, however, 
supplies only about 900 kW. at 500° C., and the 
remaining 130 kW. must be supplied by the 
auxiliary motor. 

The compressors for air and gas are designed in 
such a way that their axial thrust is balanced, 
whilst the gas turbine is symmetrical so that no 
axial thrust can arise. 
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Even though the gas turbine plays only the 
part of an auxiliary engine in this case, it incor- 
porates the main elements of the later combustion 
turbine, and the experience gained on this plant 
during more than 10 years’ service is one of the 
bases of the success of the present-day combustion 
turbines. For this reason brief reference will be 
made to some observations made on the gas 
turbine of this first and some later Velox plants 
in iron and steel works. Special emphasis will be 
given to those points which apply generally in 
cases in which blast-furnace gas is used as fuel 
for combustion turbines. 

The first Velox plant was continuously in 
operation from the time when it was put in use 
in 1933 until the destruction of the plant due to 
enemy action in the summer of 1944. During the 
first four years the plant was working for 21,000 
hr., and in the following years for 600-700 hr./ 
month. The total working time thus exceeded 
70,000 hr. This was an opportunity for studying 
gas-turbine steels in a long-time test under the 
conditions prevailing in practice, though the 
temperatures applied were still comparatively low. 
The design was based on creep limits determined 
in short-time tests at temperatures of 500°—600° C. 
The successful service for many years has thus 
proved that, at least in this temperature range 
and for the particular steel used, the extrapolation 
of the values obtained in short-time tests is 
justified. 

The gas turbine of the Velox plant had been 
designed for gas temperatures of 500° C. For the 
blades the chromium -nickel— 
tungsten steel mentioned (on 
p. 273) was used. In practice 
the observation was made that 
the heating surfaces of the 
boiler gradually became cov- 
ered with dust, so that the 
heat transfer was reduced and 
the gas temperature before the 
turbine rose continuously. 
After 2-3 months’ service it 
rose from 500° C., when in the 
clean state, to 570°C. When 
this temperature was reached 
the boiler was shut down for 
a week-end and cleaned. 

Although the design as well 
as the steels were intended for 
500° C., the turbine worked 
most satisfactorily for many 
years at temperatures of up 
to 570°C... no difficulties of 
any kind being encountered. 
The good state of preservation 
of the blades was particularly 
noteworthy. Not even after 
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ZSCHOKKE AND NIEHUS : 


Fic. 10—Blast-furnace-gas-fired Velox steam generator ; 


REQUIREMENTS OF 


more than 70,000 working hours was it necessary 
to replace them. 

With any gas turbine using blast-furnace gas 
as fuel the question will arise as to the effect of 
flue dust carried along by the gas. The experience 
gained in this respect on the Velox plant is of 
interest. 

The blast-furnace gas was not cleaned so 
thoroughly as that for gas engines, but was only 
subjected to wet cleaning, after which the gas 
contained 20-50 mg./cu. m. (at N.T.P.) of dust. 
The moisture content of the gas on entering the 
compressor was more important than its dust 
content, for the wet dust adhered to the blades 
of the blower and hindered the flow. By slight 
preheating, the moisture content of the gas could 
be reduced to such an extent that there was no 
longer any danger of contamination of the 
compressor. 

With the dust content mentioned, no erosion 
of the gas turbine blades due to flue dust was 
observed, even though several tons of flue dust 
must have passed through the turbine during the 
long period under consideration. 

The good results obtained with the first Velox 
boiler for blast-furnace gas, and the advantages 
which it offered at an iron and steel works with 
regard to unit space, efficiency, and running, soon 
led to the construction of further plants. 

Figure 11 shows a charging set of a 27-ton 
boiler in a Finnish iron and steel works. Again 
the gas turbine drives the two axial-flow com- 
pressors for blast-furnace gas and combustion air. 





output, 12 tons/hr. 


at 425° C. and 33 atm. 


JUNE, 1947 





sary 


gas 
t of 
nce 
s of 


80 
nly 
gas 
ust. 
the 
lust 
vides 
ight 
yuld 
no 
the 


sion 
was 
lust 
the 


lox 
Fes 
rith 
00n 


ton 
ain 
ym - 
air. 





ir. 





STEEL FOR GAS TURBINES 281 


In the present case, however, it is a steam turbine 
which supplies the energy necessary to accelerate 
the compressor to a correspondingly higher 
number of revolutions when a greater quantity of 
steam is required. For starting the boiler, 7.e., 
before any steam is available, the compressor is 
run at 15-20% of its maximum number of 
revolutions by means of a starting motor, and 
the boiler is lit. After the steam pressure has 
reached some 30%, of its nominal value, the speed 
of the compressor can be raised with the auxiliary 
steam turbine, which results in the automatic 
switching-off of the starting motor by means of 
a special coupling system. 

Since the whole energy production at the works 
is based on this one Velox boiler, provisions were 
made to enable the boiler to be operated on oil, 
in the case of a gas shortage. If oil is used as 
fuel the blast-furnace-gas blower must be switched 
to compress air, for a greater volume of air is 
required for the combustion of oil than of blast- 
furnace gas. 

The transition from one fuel to another is 





Fic. 11—Charging set of a Velox steam generator in a 
steelworks in Finland, showing gas turbine, com- 
pressors for blast-furnace gas and combustion air, 
auxiliary steam turbine. and starting motor ; speed, 
8000 r.p.m. 
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Fic. 12—-Velox steam generator in a steelworks : Output 
40-50 tons/hr. at 425°C. and 40 atm., show- 
ing gas turbine, air and blast-furnace-gas com- 
pressors, and auxiliary steam turbine. Speed, 
6000 r.p.m. 


possible without interrupting the operation of the 
boiler, it being sufficient to reduce the number of 
revolutions of the compressor for a short time, 
to a value corresponding to about } of the full 
load of the boiler. 

This plant, too, has been in operation for several 
years. The gas turbine works at a temperature 
of about 500° C., and has proved satisfactory with 
regard to its design as well as its material. As 
on other plants, however, difficulties were en- 
countered owing to the contamination of the 
blast-furnace-gas compressor as soon as insufficient 
attention was paid to the drving of the gas before 
entering the compressor. 

Experience extending over several years regard- 
ing gas turbines of the charging groups was gained 
at a third iron and steel works with 3 Velox boilers 
of 50-tons maximum working capacity, built by) 
one of our licensees. Figure 12 shows one of these 
boilers, which was put into operation in 1940. 
The design of the gas turbines does not deviate 
appreciably from that of the others. The blades 
were made of the above-mentioned nickel 
chromium—molybdenum steel which had proved 
suitable for the range of temperature in question, 
whilst the shaft consisted of a low-alloy chromium 
nickel-tungsten steel, and the housing of cast 
molybdenum steel. Erosion of the turbine blades 
by flue dust was not observed in this case either. 
In any case, it seems noteworthy that in none of 
these plants had the turbine blades to be replaced, 
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Fic. 13—Charging set for regenerating in the Houdry oil-cracking process, 
showing gas turbine, blower, reduction gear, and generator 


despite the very long working times (‘n one case 
over 70,000 hr.). 

The largest Velox units built for iron and steel 
works were two 100-ton boilers which, however, 
owing to the war, were not yet in use, so that no 
experience regarding their suitability is available 
as yet. The gas turbines of these plants. have a 


capacity of 8000 kW. and require 203,000 kg. of 


driving gas per hour. Thus, although they are 
only auxiliaries, they are quite remarkable 
machines. 
xAS TURBINES FOR THE PRODUCTION OF Com- 
PRESSED AIR IN OIL REFINERIES 

There is another field in which experience on 
the use of gas turbines has been gained over a 
period of more than ten years. This is in connec- 
tion with the gas turbines built by Brown Boveri 
and some licensees of the firm, for the production 
of compressed air in oil refineries. Figure 13 shows 
a plant of this kind. In the Houdry catalytic 
cracking process, compressed air is used for 
regenerating the catalysts. The compressed air 
is led through the cracking cases and transforms 
the carbon adhering to the catalyst into carbon 
dioxide, carbon monoxide, and hydrocarbons. 
The gases then pass through a combustion 
chamber where, with the aid of a special catalyst, 
the complete combustion to carbon dioxide and 
water is carried through. Finally, the hot gases 
are led to a turbine. The pressure drop between 
the compressor and the turbine is not very great, 
so that the output of the turbine is more than 
sufficient to provide for the capacity of the 
compressor, and there is a considerable excess 
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which is passed to the main 
by a synchronous generator. 
These plants supply com- 
pressed air at 4-2 atm. and 


500° C. 

Up to the present 29 gas 
turbines of this kind were 
erected for Houdry plants, 
with air volumes of 10-30 
cu.m./sec., and a net power 
output of 500-1300 kW. 
Pew* reports on experience 
gained in practice during 8} 
years on seven gas turbines of 
this kind erected at the Sun 
Oil Refineries. The gas turbine 
groups were in operation for 
9258 out of 9437 days. On 
179 days, i.e., 2%, they could 
not be used owing to defects. 
On 101 days these were due 
to difficulties encountered at 
the thrust bearings, which 
arose because of the fact that 
the resistance to flow in the cracking cases 
was greater than anticipated, so that unexpected 
axial thrust arose which the bearings could not 
withstand. By the introduction of bearings of 
different design these difficulties could be avoided, 
and after they had been installed no further 
defects arose at the bearings. 

A further 56 days’ interruption was due to 
difficulties in connection with the lubrication of 
the bearings, caused by the presence of dirt or 
water in the oil, by failure of the oil pump, and 
by explosions caused by incorrect operation or 
failure of parts of the refinery which had no 
connection with the gas turbine. 

Interruptions due to failures of the blades or 
stuffings amounted to 22 days, 7.e., less than 
0). 25% of the working time. It happened occasion- 
ally that the gas turbine blades became loose, a 
difficulty which could be overcome by modifying 
the design. Besides these failures, a certain 
amount of erosion of the blades was observed, 
due to carbon particles and small pieces of the 
catalyst carried over with the gas. However, this 
erosion was not very serious, and it will not be 
difficult to remove these particles in future. 

We were satisfied to find that these gas turbine 
plants were satisfactory, not only from a technical 
point of view, but that the costs of maintenance 
and repair were lower than expected. 


COMBUSTION TURBINES FOR THE PRODUCTION OF 
COMPRESSED AIR IN [RON AND STEEL WORKS 


Figure 14 gives a diagrammatic representation 





* Mechanical Engineering, 1945, vol. 67. p. 594. 
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of a combustion turbine for the production of 
blast. Two plants for a blast production of 
118,500 kg./hr. were built, but owing to the war 
they were not put into use. The gas turbine, 
designed for 550° C., produces about 10,200 kW. 
and drives the air compressor and, by means of 
a transmission gear, the blast-furnace-gas com- 
pressor. The air compressor passes 290,000 kg./hr. 
The blast is bled from an intermediate stage of 
the axial-flow compressor at a pressure of 2-2 
atm. It is then heated in the Cowper stove and 
led to the blast-furnace. The air for the gas 
turbine is further compressed to the optimum 
pressure for that plant, 7.e., 3-1 atm., and is 
preheated in a heat exchanger, with an efficiency 
of about 0-8, by. the exhaust gases from the 
turbine. It is then heated to 550°C. in the 
combustion chamber by the direct combustion 
with blast-furnace gas, and is finally led to the 
turbine. The plant is started by means of an 
electric motor. 

The driving of the blowers by means of gas 
turbines has particular advantages, viz., the small 
space required, the elimination of the condenser 
plant and feed-water circulation, and finally the 
high efficiency. The heat consumption of the 
plant amounts to about 97 kg. cal./kg. of blast. 

A combustion turbine for driving a steelworks 
blower with an hourly throughput of 47,000 kg. 
of air, and working at 2-8 atm., is at present 
under construction for a Spanish steelworks. The 
total quantity of air, 133,000 kg./hr., is com- 
pressed to a final pressure of 2-8 atm. 

A special advantage of the use of gas turbines 
for steelworks and blast-furnace blowers lies in 
the ease of their control. The quantity of air used 
can be varied within wide limits, since it amounts 
to only a fraction of that passing through the 
blower. 

The Velox combustion turbine has thus gained 
a foothold also in iron and steel works and, owing 
to its suitability for use together with Cowper 
stoves as well as with steel blast heaters, it will 
soon become popular. 
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5 = Blast-furnace-gas com- 


1 = Gas turbine 

2 = Combustion chamber pressor 

3 = Blower 6 = Reduction gear 
4 = Starting motor 7 = Heat exchanger 


Fic. 14—Gas-turbine-driven blast-furnace blower 
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Velox boilers and Houdry plants utilize pressur- 
ized processes. The gas turbine obtains the energy 
for driving the compressor from the exhaust gases 
of the process and returns the same amount of 
energy which the compressed air produces. The 
loss due to radiation and friction in the bearings 
is practically negligible. If it is possible to choose 
the efficiency and temperature in such a way 
that the turbine output becomes equal to the power 
of the compressor, then no additional energy is 
required for carrying out the process at a higher 
level of pressure. Thus all the advantages of high 
pressure, such as smaller volumes, higher rates 
of reaction, and better heat exchange, are obtained 
for nothing, i.e., without expenditure in energy. 

When designing the first Velox plants 15 years 
ago, we fixed the permissible maximum tempera- 
ture of the multistage reaction turbine of the 
charging group at 500° C., since we had already 
gained some experience with this temperature in 
the case of superchargers for Diesel engines. The 
Houdry plant can work with a considerable 
net power output at 500°C., whereas in 
the case of the Velox boiler with blast-furnace-gas 
firing, the capacities either compensate each other 
or there is only a slight excess left. With oil-firing, 
Velox boilers have an excess, even with gas 
temperatures of 500° C. before the turbine, and 
this is sufficient to drive all the auxiliary machines 
of the boiler plant. -Raising of the temperature 
results in an excess of useful capacity but, though 
this is of course welcome, the simpler and cheaper 
engine working at lower temperatures is often 
preferred. 

The high-pressure high-temperature steam 
power plant of the near future will, of course, 
make use of the gas turbine group of the Velox 
boiler for the direct production of energy. 

When designing the combustion turbine for 
the production of energy independent of some 
second process, it was necessary to choose higher 
temperatures from the very beginning, otherwise 
it would not have been possible to produce an 
economic machine with the degrees of compression 
and turbine efficiency then attainable. 

The demand for higher maximum temperatures 
is limited by our knowledge of the behaviour of 
structural materials, which is based merely on 
bold extrapolations to several years of creep 
curves obtained in some hundred or thousand 
hours. If we choose temperatures of about 600° C. 
for our combustion turbines we do not exceed 
the range which can be considered to be safe on 
the basis of our tests and the experience gained 
over many years in practice. 

Experience gained in the laboratory and in 
practice on experimental turbines for 700° C. and 
more will ensure the success of the next step in 
the development of the combustion turbine. 
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Possibilities for the Extended Use of Oxygen in 
the British Iron and Steel Industry’ 
By M. W.‘Thring, M.A., F.Inst.P.4 


THE Reasons Wuy THE USE OF OXYGEN FOR 
COMBUSTION IS OF INTEREST 


tT the moment oxygen is used in the steel 
A industry of this country in a number of 
operations all of which make discontinuous 
demands from the supply and so require storage 
of the oxygen over comparatively long periods. 
Examples are the burning out of tapholes blocked 
with frozen iron or steel in blast- or open-hearth 
furnaces by means of oxygen jets, oxy-acetylene 
cutting from ingot ends, scarfing, and oxy-acety- 
lene and welding processes generally. The total 
quantity of oxygen used annually in all these 
processes is only 42,000 tons, which corresponds 
roughly to 7-85 lb. per ton of finished steel. 

The quantity of oxygen in the air moved 
through furnace systems in making steel is, on 
the other hand, of the order of 4 tons per ton of 
finished steel. It therefore appears that the use of 
oxygen or oxygen-enriched air has only gone a 
very little way towards complete application, 
since the use of this quantity of oxygen in furnace 
systems where it is associated with approximately 
four times its volume of nitrogen implies the 
unnecessary heating up of all this nitrogen. After 
such heating the recovery of heat is never more 
than 50% perfect. For example, if it is assumed 
that on the average the air is heated up to 1000° C., 
the total heat wasted in heating nitrogen with 50% 
recovery is 57 therms per ton of steel or the 
thermal equivalent of 3-6 cwt. of coal out of a 
total fuel consumption of 36 cwt. of coal and coke 
per ton of steel produced. This gives some idea 
of the possible advantages which could be 
obtained by the use of oxygen-enriched air or 





* Received 29th March, 1947. 
+ British Iron and Steel Research Association. 
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pure oxygen in furnace systems. It should, 
however, be made clear that oxygen is not a fuel 
and adds no heat to the process ; it only increases 
the fraction of the energy of the fuel which is 
available above the working temperature. This 
means that the use of oxygen enrichment is most 
promising as far as potential fuel saving is 
concerned for the highest temperature heating 
processes. As far as flame-heated furnaces, such 
as the open-hearth furnace, are concerned there 
would be no theoretical advantage in using oxygen 
if heat-recovery processes in recuperators and 
regenerators were perfectly efficient. The highest 
efficiency attained in such systems is, however, 
50%t, and there are also various other practical 
advantages offered by oxygen enrichment, such as 
the shortening of the flame in the open-hearth 
furnace discussed later in the paper. In the 
blast-furnace the main effect of oxygen is to 
increase the gas temperature around the tuyeres. 

The reason oxygen has not been used in place 
of air for combustion systems in the past is not 
so much that combustion with oxygen gives 
unmanageably fierce heat liberation (since fur- 
naces can be designed to deal with very intense 
heat liberation, e.g., the electric arc furnace) but 
rather that the cost of supplying oxygen has been 
too high—of the order of £12-5/ton when supplied 
in bottles. This high cost is largely due to the 
fact that oxygen has been required at high rates 
of flow for short periods instead of continuously, so 
that it has been more economical to have it at a 
pressure of about 200 atm. than at atmospheric 
pressure, in spite of the fact that the work done 





t This figure refers to regenerators heated by waste- 
heat gases from a furnace ; blast-furnace stoves which 
are heated by direct combustion sometimes reach an 
efficiency of 90%. 
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in compressing it is completely thrown away. 
Modern developments have shown that if oxygen 
is required relatively continuously, so that it can 
either be piped directly from the pump to the 
consuming apparatus or it can be stored at 
approximately atmospheric pressure in a gas- 
holder, the cost of oxygen or of mildly oxygen- 
enriched air can be reduced sufficiently to make 
its use in furnace systems a practical proposition. 
The theoretical advantages in using oxygen for 
combustion in different kinds of equipment had 
already been explored in 1924, in a series of papers 
published in America,! but in the 20 years since 
then only a few tentative experiments have been 
carried’ out because of the heavy capital cost 
involved in building an oxygen plant purely for 
supply to furnaces. It will be seen that recent 
developments reduce the obstacles appreciably. 

There are three main heating processes in which 
the use of oxygen is of particular interest. In two 
of these, the blast-furnace and the Bessemer 
converter, the liberated heat is completely sur- 
rounded by the material to be heated and con- 
siderable oxygen enrichment can be envisaged 
without any special improvements in refractories, 
merely by altering the heat-absorbing capacity of 
the surrounding charge. In the third one, the 
open-hearth furnace, two-thirds of the area 
surrounding the flame is refractory and it is 
therefore necessary either to use relatively small 
oxygen enrichment at times when the refractory 
is at its limiting temperature or to use a high 
oxygen enrichment in a furnace of entirely 
different shape. To give some idea of the 
scale concerned, the following rough figures are 
useful : 


A plant producing 150 metric tons of oxygen/ 
24 hr. would serve to raise to 30% the oxygen 
content of sufficient air to burn daily 150 
metric tons of carbon to carbon dioxide, or 300 
metric tons of carbon to carbon monoxide. 
This rate of oxygen production would be 
adequate to raise the oxygen content of the 
combustion air to 30% for eight 80-ton open- 
hearth furnaces if each required the oxygen 
enrichment for one-half of the total time. The 
same plant could raise the oxygen content of 
the blast of an 800-ton/day blast-furnace to 
26%, or of the blast of a 400-ton/day furnace 
to 30%. 


In these three systems, as in all furnace pro- 
cesses, four main criteria of success can be 
distinguished in terms of which the value of the 
introduction of a new process such as oxygen 
enrichment must be judged. They are: 


(1) Quality of product. 
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(2) Output, or quantity of product produced 
from a furnace of given size. 


(3) Fuel economy, or heat units required per 
ton of product. 


(4) Refractory life. 


In the next three sections the possible advan- 
tages of oxygen will be considered from these 
points of view, but it is clear that the relative 
importance of the different criteria depends very 
much on economic conditions in the industry. 
Thus when, as in the steel industry at the moment, 
the demand for the products of an industry is 
greater than its installed furnaces can deal with, an 
increase in output is regarded as the most import- 
ant criterion, to be obtained at the expense of the 
others. When, on the other hand, there is over- 
production, the importance of large output 
diminishes and the importance of thermal effici- 
ency and refractory life becomes correspondingly 
greater. In this paper fuel economy will be 
regarded as a major item on which oxygen must be 
judged, since the cost of fuel is becoming an 
increasingly important item in the processes of 
steelmaking. By fuel economy is meant the 
overall fuel economy, including the fuel required 
to make the power for the oxygen plant. In the 
special cases where the oxygen is available as a 
by-product of a nitrogen-requiring process the fuel 
economy plants will be quite different. These are 
not, however, relevant to the main question of 
whether the steel industry should make a major 
effort to instal its own oxygen-producing plants 
or have oxygen-producing plants built alongside 
steelworks which consume an appreciable fraction 
of their fuel with oxygen-enriched air. The 
following figures may be useful : 


To burn 1 kg. of pure carbon requires 2-67 kg. 
(1-85 cu. m. at N.T.P.) of oxygen. The thermal 
energy of this combustion is 7-850 kg.-cal. 
which, if it could be converted completely into 
electricity would give 9-14 kWh., or, if con- 
verted with 25% efficiency would give 2-3 kWh. 
Using the best figure available for the pro- 
duction of oxygen, of 0-17 kWh. per kg. of 
pure oxygen, in a 40% mixture, the power 
required to supply enough 40% oxygen mixture 
to burn 1 kg. of carbon would be 0-45 kWh. 
Hence the power required to make the oxygen 
is roughly 20% of the power which would be 
obtained by combustion and a conventional 
boiler-turbine system. 


Tue Use or OxyGEN IN THE BuaAst-FURNACE 


The blast in a blast-furnace serves two purposes, 
a thermal one of liberating heat by reaction with 
carbon, and a chemical one of reducing iron oxide 
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by means of the carbon monoxide formed from the 
oxygen and carbon. At first sight, therefore, it 
would appear that the nitrogen in the blast serves 
no useful purpose, since it neither partakes in the 
heat-liberating reactions nor in the reduction 
reactions. But as present blast-furnaces have been 
designed to work with atmospheric air they do 
in fact make very considerable use of the nitrogen 
as a carrier of heat from the heat-liberation zone 
around the tuyeres to the descending charge in 
the upper parts of the column. The presence of 
the nitrogen makes it possible for the burden to 
be heated for a relatively long time in the presence 
of carbon monoxide and so increases the time 
available for the reduction reaction. Two types 
of blast-furnace are envisaged, viz., those similar 
to the present designs, which make use of nitrogen 
as a heat-carrying medium, and those of quite 
different design in which higher temperatures, 
finer particle size, and other means are used to 
reduce the necessary reduction time so that 
nitrogen can be entirely eliminated and the height 
of the furnace greatly reduced. Experiments have 
been carried out with low blast-furnaces of the 
latter type in Switzerland, and in some similar 
experiments in Scandinavia no blast at all is used, 
the primary heat being provided by an electric 
are. Such experiments do not, however, have any 
great appeal in Great Britain, where electric power 
is derived almost exclusively from coal. On the 
other hand, there is every reason to investigate 
whether the particular proportion of oxygen and 
nitrogen chosen by nature for atmospheric air is 
in fact the best for blast-furnaces of the con- 
ventional type. 

The two primary aims of blast-furnace operators 
are to reduce the coke consumption per ton of 
pig iron and to increase the output from a given 
furnace. The main effects of enriching the blast 
with oxygen are (a) to increase the temperatures 
at the tuyeres and reduce the temperatures at 
the top of the stack for a given coke/burden ratio 
and (b) to reduce the gas velocity for a given rate 
of coke consumption. 

The effect (a) can be illustrated quantitatively 
by calculating a particularly simple example in 
which the heat exchanged between the hot gases 
passing up the stack and the raw materials going 
down is assumed to take place without chemical 
reaction, the temperature of the raw materials at 
the top being 0° C. and that of the gases at the 
bottom being 1200°C. In the standard case the 
gases are assumed to have a heat capacity exactly 
equal to that of the hot materials so that the 
cooling curve for the gases and the heating curve 
for the raw materials are parallel straight lines. 
The heat-transfer coefficient is assumed to be 
such that the temperature of the gases leaving 
the stack is 400° C., so that the difference between 
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the gases and the burden at each level is 400° C. 
The maximum temperature of the burden is thus 
800° C. This system has been assumed to be 
altered in two ways, both of which raise the 
temperature of the gases at the bottom of the 
column to 1400° C. In one alteration the increased 
temperature has been obtained by increased 
preheat, so that the heat capacity of the gases 
per unit rise in temperature is unaltered. In this 
case the gases leave the system at a temperature 
of 470° C. and the charge is heated up to 930° C. 
The reason that a 200° C. rise in gas temperature 
produces only a 130° C. rise in charge temperature 
is that there must be a greater difference in 
temperature between the gas and the charge at 
each level in order to transfer the greater amount 
of heat. In the second alteration the temperature 
rise of 200° C. in the gas has been assumed to be 
caused by oxygen enrichment in such a way that 
the same amount of fuel is consumed as in the 
standard case, so that the gases have the same 
total heat content as in the standard case, since 
their lower heat capacity exactly compensates 
their increased temperature. The charge is heated 
to 884°C. and the gases leave the system at 
370° C., 7.e., colder than in the original case. 

So far as fuel consumption is concerned the 
increase of the oxygen content of the blast can 
enable the same tuyere temperatures to be 
obtained for a smaller coke/burden ratio. This 
effect will be most marked where the coke con- 
sumption is raised to a very high value in order 
to obtain a higher hearth temperature, as in the 
manufacture of ferromanganese where the coke 
used per ton of product is about twice that of 
normal blast-furnace practice. Here a small 
oxygen enrichment could be expected to produce 
very considerable savings and it is clear that, if 
the use of oxygen in blast-furnaces is judged 
primarily on the overall fuel consumption, the first 
experiments should be carried out on such 
furnaces. 

It has not yet been decided what are the main 
factors which limit the output which can be 
obtained from a given furnace, but certainly the 
pick-up of fines at the stockline by the gas and 
overheating at the top resulting in hanging or 
scaffolding of the charge are among them. The 
use of an oxygen-enriched blast, or what is 
equivalent, reduction of the nitrogen associated 
with a given input of oxygen, will certainly 
increase output insofar as these two factors are 
concerned. 

A number of experiments have in fact been 
carried out with small blast-furnaces. The results 
of these experiments are summarized in Table I. 
It will be seen that relatively early in France, 
and more recently in Russia and Germany, 
conventional blast-furnaces have been operated 
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with blast enriched by amounts of oxygen up to 
10%. There seems fairly general agreement 
among the experimenters that there is an appre- 
ciable coke saving and increase in output which 
justifies the cost of the equipment. Langmuir® 
states that the temperatures are not increased 
more than 100° C. and there is no serious difficulty 
from the refractory materials when using oxygen. 
There seems to be some disagreement as to whether 
the quality of the gas is improved or not, but on 
the whole it does appear to be improved, as one 
would expect from theoretical considerations. 
One observation of considerable importance 
relating to the use of increased oxygen in the 
blast-furnace is that the German experimenters’ 
found that the zones of high temperature around 
the tuyeres corresponding to carbon dioxide 
production are considerably reduced in volume 


the ash in the fuel whether it is solid, liquid, or 
intermediate, there is no great benefit to be 
expected from the use of either oxygen or preheat. 


Tue USE oF OXYGEN IN STEELMAKING 


As in the case of blast-furnaces, there are two 
fundamentally different ways of making use of 
oxygen in steelmelting. One is relatively conserva- 
tive and involves the introduction of additional 
oxygen into the combustion system to raise the 
flame temperature and hence the radiation in the 
furnace. It would appear that the introduction 
of oxygen into the open-hearth furnace can serve 
two purposes, according to the time in the cycle 
at which it is introduced. When the heat input 
to the furnace is not at a rapid enough rate to 
maintain the roof at the safe limiting temperature, 
then oxygen can be introduced in order to raise 


TaBLE I—Blast-Furnace Experiments 








Furnace Approximate | 
Date 
French— 
Ougrée?* 1921 
Russian— 
Makeevka® 1936 
German— 
(i) Oberhausen 1935 
(ii) Lennings® 1943 





Size a > Blast tration Results 
100 tons/day 23% 2-5-3% fuel saving, 


50-60 tons/day 


12% increase in 
yield 


Full size 32% 
10-15% coke saving 


Increase in produc- 
tion with lean ores 


24-26%, 
46 ft. high ws 








by the enrichment of the air. This has the effect 
that the highest-temperature gases are realized 
near the sides of the furnace and probably means 
that tuyeres projecting further in would be 
necessary with oxygen. 

A recent American article® concludes that the 
use of oxygen in the blast-furnace will not assume 
considerable importance for some time owing to 
the high capital expenditure required even for 
experiments and the fact that tests must neces- 
sarily be continuous. Air containing at least 26% 
oxygen is essential for experiments in the blast- 
furnace if significantly different results are to be 
obtained without greatly increasing the precision 
of measurements and the length of trial. 

The situation in the gas producer is very dif- 
ferent from that in the blast-furnace, although, at 
first sight they are chemically similar appliances. 
The difference lies in the fact that in the gas 
producer temperatures must be kept down to 
avoid clinkering and that this quenching is done 
by means of steam, a large part of which remains 
undecomposed and dilutes the resulting gases. 
This leads to the conclusion that until a gas 
producer can be designed which can cope with 
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the flame temperature by raising the theoretical 
combustion temperature. It was shown in a 
theoretical examination of the conditions of radia- 
tion in an open-hearth furnace ® that raising the 
theoretical combustion temperature is a very 
much more efficacious way of increasing the flame 
radiation than is increasing the amount of fuel 
put into the furnace.* This means that to use a 
certain amount of fuel to make oxygen is likely 
to give a considerably greater increase of output 
than to use the same amount of fuel in the furnace 
directly. There is obviously an optimum oxygen 
enrichment in this case, just as in the case of the 
blast-furnace. 

If the oxygen could be made using power from 
the waste-heat boilers on the furnaces of a melting 
shop, the fuel requirements for making the oxygen 





* It should be emphasized, however, that there is no 
point in introducing oxygen until the carbon dioxide 
content of the waste gases has been raised to a maximum 
by obtaining efficient combustion without excess air 
and especially without air inleakage, since oxygen 
enrichment is merely equivalent to exceeding the highest 
possible carbon dioxide content obtainable by com- 
bustion with air. 
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would then be largely reduced and the system 
would become self-contained in the sense that the 
power available for making oxygen would increase 
in proportion to the amount of oxygen required. 
The experiments on producer-gas-fired furnaces, 
summarized by Chesters and Thring!® showed that 
in many furnaces there are periods when it is not 
possible to pass sufficient heat into the furnace 
to get the roof up to the chosen safe temperature. 
Even in furnaces which have a liberal supply of 
fuel there is a considerable period after charging 
before the roof is brought up to this temperature. 
The use of oxygen during these periods is an 
example of the first possibility. The second 
possibility is that of using oxygen when the roof 
is already at the safe limiting temperature. At 
first sight it appears that oxygen does not offer 
any advantages at this period, at any rate as far 
as output is concerned. However, it was shown 
in the trials referred to in Special Report No. 37 
that producer-gas flames are in general too long, 
and it seems likely that even with oil-fired furnaces 
the temperature of the roof at the outgoing end 
is slightly hotter than that at the ingoing end. 
One possible explanation of this is that the radia- 
tion from the flame, although more intense at the 
ingoing end, covers a much narrower zone over 
the bath, so that when it is spread out over the 
whole width of the roof by the linear propagation 
it is less intense. Whatever the explanation, 
it means that it is possible to shorten even oil 
flames safely without increasing the wear on 
refractories. Now from the point of view of 
fuel consumption, instantaneous combustion is 
the most efficient form of combustion (unless it 
is accompanied by a catastrophic loss of emissivity) 
because if all the chemical energy is converted 
into sensible heat right at the ingoing port there 
is the greatest possible temperature difference 
between flame and charge available for heat 
transfer all along the bath. Oxygen offers a very 
interesting possibility for shortening the flame 
both with oil and producer gas. These flames could 
be shortened by the introduction of a very high 
velocity jet of air passed down a water-cooled 
tube. and made to impinge on the fuel at the top 
of the port, because, as Rummel" shows, flame 
length depends on mixing, and mixing is primarily 
a matter of obtaining impingement of air and fuel. 
High-velocity impingement is only possible with 
water-cooled tubes because refractories will not 
maintain the very fine clearances which are 
necessary. The use of a water-cooled tube 
prohibits a very high preheat on the special air 
jet and since the air jet must contain an appre- 
ciable fraction of the oxygen required to burn the 
fuel, it will produce cooling action on the flame 
which more than offsets the benefits of the short 
flame. If, on the other hand, oxygen or oxygen- 
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enriched air is used, the volume of nitrogen 
accompanying the air in the special jet is very 
greatly reduced (for example, an oxygen content 
of 35° means a halving of the amount of nitrogen 
for the same amount of oxygen) and in this case 
it becomes possible to take advantage of the flame 
shortening without producing appreciable cooling. 
It therefore appears that even when the roof is 
at the safe limiting temperature there may be an 
advantage in the use of oxygen, not in order to 
raise the overall carbon dioxide and theoretical 
flame temperature, but in order to shorten the 
flame. The flame shortening will be of advantage 
even where the normal air is rather in excess of 
the theoretical, especially as it will probably be 
possible to reduce the volume of normal air very 
considerably because of the good mixing obtained 
with the high-velocity oxygen jet. 

These suggestions arising out of recent British 
work on combustion in the open-hearth furnace 
are very similar to those which have recently been 
tried by the Steel Company of Canada at Hamil- 
ton, Ontario,? where oxygen was used on an 
open-hearth furnace at weekends. Since the 
oxygen available was of high purity it was not 
introduced with the air but through an annular 
space around the atomized oil fuel. It has been 
shown that reduction of the flame length is likely 
to increase greatly the rate of heat transfer to 
the charge without increasing the fuel supply rate. 
A small fraction of the combustion air introduced 
at high velocity in the right place can greatly 
shorten the flame. Oxygen is therefore being used 
in this case to shorten the flame without appre- 
ciable loss of preheat rather than to raise the 


TaBLE []—Operating Data for Open-Hearth Tests 
Using Oxygen 


Test C 


Test A Test B (without 
oxygen) 
| Charging time, hr. min. 2 45 33 3 55 
Time to addition of hot 
metal, hr. min. 3 18 3 09 5 20 
Melt time, hr. min. 6 50 5 50 7 50 | 
| Total time of heat, hr. 
| min. 8 10 9 05 11 10 
| Yield, % 90-5 | 91-0 | 87-6 
| Tons/hr. (charge to tap) 21-9 20-72 15-67 
| B.T.U./ton, thousands 2-939 3-486 4-436 
Fuel oil, gal. (U.S.)/net 
ton 19-49 23-11 28-8 
| Fuel rate, gal. (U.S.) of 
|  oil/hr. 500 610 496 
| Rate of flow of oxygen, 
| _ cu. ft./min. 700 800 None 
| Oxygen used, cu. ft. 155,700 | 165,500 | None 
| Oxygen used, cu. ft./net 
| ton 873 877 None 


‘ 
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theoretical carbon dioxide of the combustion 
gases as a whole. Table II, taken from an Ameri- 
can paper,® gives the information for two tests 
(A and B) using oxygen during the scrap-melting 
period, and one test (C) in which no oxygen was 
used. In all cases the charge was about 180 tons 
of metal and about 42% of hot metal was used. 

Calculations made from the above table show 
that if the fuel were supplied at the average rate 
during the scrap-melting period, the amount of 
oxygen supplied would correspond to rather less 
than a quarter of that theoretically required for 
combustion, but, since the consumption during 
the scrap-melting period may be anything up to 
twice the average, the oxygen supplied will be 
more in the neighbourhood of one-eighth of that 
theoretically required. It is suggested in the report 
on these trials that refractory troubles due to the 
increased flame temperatures can probably be 
avoided if the oxygen is only used during the 
scrap-melting period, when the roof is cooled by 
the heat absorption of the scrap. There is no 
information as yet on the effect of oxygen enrich- 
ment on overall refractory life or fuel consumption, 
although output is certainly very considerably 
increased. It is of course essential to have facilities 
such that the rate of charging of the furnace can 
be greatly increased. It has been found that the 
overall loss of iron by oxidation of the charge is 
not increased by the use of oxygen-enriched air 
because the chemical effects of the oxygen are 
offset by the reduction in reaction time. 

If the foregoing analysis of the reasons why a 
relatively small amount of oxygen, compared with 
that in the combustion air, can be so advantageous 
purely as a result of the shortening of the flame 
and the ability to burn more oil in a given furnace 
is correct (and such an analysis is confirmed by 
figures taken in Canada which show that the 
‘*black core ”’ is eliminated), then the use of “ air ”’ 
containing some 50% oxygen at a fairly high 
pressure in the middle of the producer-gas flame 
can be expected to provide valuable improvements 
upon existing flames. Such air can be attained 
with a much lower power consumption per unit 
of oxygen than is possible when 95 to 98% oxygen 
is required. 

Another interesting line of research in the use 
of 80-90% oxygen may be mentioned, although it 
does not contain the possibility of affecting the 
major part of the steel output of the country in 
the way the introduction of oxygen into the open- 
hearth furnace would appear to do. It is the use 
of relatively pure oxygen to produce a combustion- 
heated furnace along the lines of an arc furnace. 
If complete combustion of a fuel can be achieved 
in a local zone immediately on the surface of the 
steel, similar to the local heating zone of an arc, 
it is theoretically possible to obtain a very high 
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thermal efficiency at 1600° C., even without pre- 
heat arrangements. Temperatures up to 2000° C. 
have in fact been achieved commercially in this 
country. The use of such furnaces in place of arc 
furnaces where electricity is in short supply, or 
where temperatures in the range 1600°C. to 
2000° C. are required with a more uniform heating 
than the are can give, may be worth investigation. 
Such furnaces are also of considerable theoretical 
interest for the production of special refractories, 
e.g., fused silica and pure magnesia. 

Oxygen has also to be considered for use in 
the Bessemer converter. In Germany a 45% air 
blast has been used and the results are reported 
as favourable. Kapitza,® using higher percentages 
of oxygen, has obtained a reduction in blow-time 
from the normal 15 min. down to 1 min., and 
reports an excellent product. The effect of oxygen 
on the metallurgical processes is not reported but 
it is clear that the higher metal temperature 
resulting from the use of oxygen can give a greater 
margin for refining. As in the case of the blast- 
furnace the increase in temperature resulting from 
the introduction of oxygen can probably be 
arranged to take place out of contact with the 
walls of the container, so that normal refractory 
materials will be adequate or a greater proportion 
of cold metal can be added. This line is clearly 
one of very great interest because of the inherently 
low fuel consumption and high output of the 
Bessemer converter. The use of oxygen blown 
through the molten metal to reduce the carbon 
in an open-hearth furnace or an active mixer is 
also a possibility of considerable interest. 


GENERAL CONCLUSIONS 


It is clear that recent developments in methods 
of manufacturing oxygen both in the range of 
purity 80-100% and in the range 40-60%* make 
its use for combustion of fuel in the steel industry 
a very important practical possibility. Oxygen 
could be used in the iron and steel industry on a 
large scale in two ways ; one is equivalent to a 
small percentage reduction of the nitrogen heated 
in the combustion process by mixing the oxygen- 
enriched air with the remainder of the combustion 
air; the other makes separate use of the small 
quantity of oxygen-enriched air. In the former 
category, comes the use of oxygen in the blast- 
furnace and in the Bessemer converter. It has 
been concluded that if anyone is prepared to face 
the capital cost of building a plant capable of 
producing 200 tons of oxygen per day to supply 
a blast-furnace, then it would be likely to give an 





* Information recently obtained from the Air Liquide 
Company of Paris shows that air enriched to 45% oxygen 
can be obtained using compression only to 2-7 atm. 
by a process based on the Claude system with 
expansion in a turbine. 
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overall economy of fuel if applied to a furnace 
producing ferro-manganese. The use of oxygen 
in the Bessemer converter, or what is equivalent, 
its use in the bath of an open-hearth furnace, are 
very promising lines which can be investigated 
with a relatively small oxygen plant. 

The use of oxygen in the open-hearth furnace 
comes into the second category since this develop- 
ment is only of interest if (a) the use of oxygen is 
confined to the “ critical period ”’ of the melt and 
(b) the oxygen-enriched air is introduced not with 
the main air stream but in such a way that it 
gives greatly improved mixing and combustion 





conditions. The development of alternative 
methods of producing oxygen-enriched air such 
as the Mazza centrifugal separator™ should also 
be carried out in parallel with any experiments 
on the application of oxygen produced by liquefac- 
tion of air. 
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HE decision to builda modern plant at Choindez 

for the electric smelting of iron ore was taken 

in the summer of 1941. The old blast-furnace 
had proved incapable of economic operation even 
in normal times, and in war-time its operation 
became impracticable because of the dependence 
on foreign supplies of blast-furnace coke. 

It was decided that the furnace should be of 
the Tysland-Hole type, and a building licence 
was obtained from Det Norske Aktieselskab for 
Electrokemisk Industri, of Oslo. Two sizes of 
furnace, of 12,000- and 7500-kVA_ capacity, 
respectively, were under discussion. Although 
Swiss market requirements were certainly a factor 
in determining the size of plant to be erected, 
consideration had also to be given to the avail- 
ability of coke in war-time, and to supplies of 
current. It was finally decided that the correct 
furnace capacity was of the order of 50 tons/day 
and that a 7500-kVA. furnace would be adequate 
for this production. 

All previous 7500-kVA. furnaces had three 
electrodes arranged in line, but experience gained 
on a 12,000-kKVA. unit with three electrodes 
arranged at the corners of a triangle indicated that 
this system had certain advantages. The original 
7500-kV A. design was therefore modified so as to 
incorporate the triangular electrode arrangement. 

The first campaign of the new furnace lasted 
from 26th July, 1943, until 4th December, 1944. 





LAyoutT 


The original intention was to erect the new 
furnace on a site near that occupied by the old, 
in order to take advantage of the various items 
of existing plant which could well be adapted to 
the new layout. However, it was finally decided 
to build on another site, one sufficiently removed 
from the centre of the works to allow space for 
expansion of other departments as required. 
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Electric Smelting Plant At Choindez’ 


The new plant consists of three main parts, viz., 
the storage bay, the furnace bay, and the casting 
bay. The furnace bay is located with its southern 
wall adjoining the tube foundry ; the casting bay 
faces north, and is served by two sets of rails for 


the removal of iron and slag, respectively. The 
storage bay forms the western section. The 


general layout of the plant is shown in Figs. 1 
and 2. 

The storage bay contains ten reinforced-concrete 
bunkers, arranged in two groups of five, having 
a total capacity of 3900 cu. ft. The railway serving 
the bunkers runs on an 18-ft. high embankment, 
to facilitate discharge at the proper level. Each 
bunker is equipped with two discharge gates, 
placed opposite each other and at such a height 
that material falls into overhead monorail skips 
passing underneath. 

The furnace bay is arranged for work at three 
different levels, viz., charging at a height of 23 ft., 
electrode regulating at 46 ft., and ramming at 
59 ft. On the underside of the regulating floor, 
some 17 ft. above the charging openings, hangs 
a fume hood of 44 ft. dia. and a vertical side 
depth of 5 ft. Gases from the furnace charge 
holes are led through this hood to two steel-plate 
chimneys above the furnace-house roof, and so to 
the open air. The effective diameter of each 
chimney is divided to form two ducts, one, 
8 ft. x 2 ft. 6 in. in cross-section, for the removal 
of smoke and fumes, and the other, | ft. 4 in. x 
2 ft. 6 in., for the removal of unburnt furnace gas 
if for some reason this cannot be utilized. 

Power for the furnace is taken from the existing 
circuits of the Berne Power Station, at Bellerive, 
near Delsberg, and is brought to Choindez by 





* Based on a paper “ Das’ Elektroroheisenwerk 


Choindez 1943,’ by E. Gehrig (Von Roll Mitteilungen, 


1945, vol. 4, June, pp. 26-72), from which, Figs. 1 and 
2 are reproduced. 
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Fig. 2—Sectional elevation of electric smelting plant at Choindez. 
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means of a 45,000-V., three-phase, overhead 
conducting system specially constructed for the 
purpose. From a pole distributor placed about 
650 yards from the furnace house, the current is 
led by single-phase cables into the high-tension 
room and thence, via bus-bars, to the main 
distributor and the high-tension side of the 
transformer. 

The general design of the plant proved excellent 
and its operation was very smooth. So far as 
plant layout was concerned, there was no reason 
for alteration, but there were one or two items 
of detail which might have received greater 
attention at the design stage. 


DESCRIPTION OF PLANT 
The Furnace 


As mentioned earlier, the furnace is a closed 
low-shaft Tysland-Hole three-phase unit, with a 
nominal rating of 7500 kVA. and a rated output 
of 50 metric tons per 24hr. The shell has an 
inside diameter of 26 ft. 11 in. and a depth of 
15 ft. 9 in., and the refractory lining is built up 
of firebrick, magnesite, and rammed carbon. The 
roof is of semi-suspended construction, being 
supported in the centre by a vertical tie-bar 
hanging from the floor above, and is built of 
firebricks on a framework of. steel bars. 

The bottom of the hearth is cooled by air chan- 
nels cut in the concrete and by a welded steel 
water pipe. Thermocouple junctions are built into 
the hearth, at points directly beneath each elec- 
trode, and in the side wall, directly opposite each 
electrode. 

Other features of the furnace include a refrac- 
tory-lined trough running round the outside of 
the furnace shell at the bottom of the side wall ; 
in the event of a breakout, the metal is caught 
in the trough and carried round to the tapping 
position at the front. A slag-notch, located 1 ft. 
higher than the tap-hole level, is provided and 
has proved very useful in practice. 


The Electrodes 


The furnace is equipped with three Soderberg- 
type self-baking electrodes, which are arranged 
in symmetrical triangular formation and are 
operated by hydraulic rams and Wisdom ribbons. 
Particulars of the electrode arrangements are as 
follows : 


Electrode diameter... <s) Bean. 


Electrode pitch circle ... x0 OES. 10 Gin. 
Average height of electrode ... 51 ft. 
Height of each section os Oat, Vans 
Number of strengtheners per 

section ‘eu — ‘en BO 
Steel-sheet thickness ... 0-06 in. 


Maximum electrode movement 4 ft. 10 in. 
Weight of electrode (excluding 
mantle) 10 tons (approx.). 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


The electrode paste is made from calcined low- 
ash anthracite and coke-breeze, with a tar—pitch 
binder. It is preheated in a small electric muffle 
and is charged in a semi-plastic state. Where the 
electrodes enter the furnace through the roof, 
insulated water-cooled copper glands protect the 
roof from damage by heat and the electrodes from 
damage by the charge. 


The Transformer 


The transformer is a three-phase unit with a 
nominal rating of 7500 kVA., and has the following 
characteristics : 

45,000 V. + 10% 
Secondary voltage ... ... 150-80 V. in 31 steps 
Secondary phase current ... 21,700 amp. (max.) 
Secondary electrode current 37,500 amp. (max.) 
Oil temperature 40° C. (max.). 


Primary voltage 


The transformer is connected to the furnace in 
the split-phase arrangement by bus-bars of rolled 
aluminium. These are arranged in three sets of 
double clusters, each of which contains 16 clusters. 
The bus-bars surround the furnace, two of the sets 
being 40 ft. long and the third about 20 ft. long. 

The flexibles are only about 10 ft. long and 
pass directly from the bus-bar ends to the 
electrode clamps. They are six in number, 
arranged in two groups of three on each electrode, 
so as to make the split connection. 


OPERATION 
Charging 

The charge materials are brought to the site 
in open railway waggons and unloaded into the 
storage bins by means of a 5-ton grab crane, or 
tipped in direct if necessary. The charging chutes 
are kept full all the time, from the overhead 
charging hoppers. 

The storage bunkers discharge through bottom 
gates into light skips suspended from an overhead 
monorail. These skips are pushed by hand, first 
to the weighbridge and then to the discharge 
point, where they are tipped into a larger grab- 
bucket arrangement suspended from a monorail 
crane running along the ramming floor of the 
furnace building. When full, this bucket is raised 
to the ramming floor and emptied through the 
bottom into any one of the charging hoppers. 
The monorail from which the grab is suspended 
passes completely round the top of the furnace. 

The small hand-operated monorail skips hold 
about 4 ton of burden and rather less of coke. 
The grab bucket, which is of about 44 tons 
capacity, can be filled, hoisted, emptied into the 
desired hoppers, and returned, in an average 
cycle time of 15 min., giving a charging rate of 
18-20 tons/hr. This is sufficient to enable all 
charging operations to be carried out in day-time 
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only ; the hoppers from which the charging chutes 
lead down to the furnace are of sufficient capacity 
to carry a night’s charge. 

An extra emergency hopper is provided, which 
discharges material on to the floor level with the 
furnace top. This enables additions to be made 
by hand when required. A further precaution is 
that material may be brought up from below in 
light rail trucks by means of a small hoist. 

The action of dumping the charge from skips 
to bucket and bucket to hopper is sufficient to 
ensure adequate mixing. 


The Furnace 


The furnace is normally operated at between 
6000 and 6500 kVA., to produce 50 metric tons 
of pig iron per day. The analysis of the iron is as 
follows : 

C,% Si, % Mn, % P,% 8, % 
3-6-4°2  1-0-3-0 0+2-1-0 = 0+2-0-3 0-05 (max.) 

The furnace burden consists of 60° of mixed 
ores, 30% of pyrites sinter, and 10% of iron- 
bearing additions (steelworks slag, welding slag, 
and scale). The coke consumption averages 
880 lb., and the power consumption 3000 kWh., 
per metric ton of pig. The electrode consumption 
is 33-35 lb. per metric ton of pig. About 8 metric 
tons of pig are tapped every 4 hr., and the tapping 
temperature is 1300-1400°C. The quantity of 
slag produced varies between 65 and 75% of the 
weight of the metal, and averages about 35 metric 
tons per day. The slag is tapped immediately 
before the iron, through a special slag-notch, the 
stream running for some 30-45 min. The average 
slag analysis is : 


CaO, % MgO, % Si0,, % Al,O;, % 
40-45 1-10 25-30 15-25 
Casting 


There are two pig-casting machines, a sand 
pig-bed, and an arrangement whereby metal may 
be diverted into a ladle and carried directly to 
other parts of the works. 

The electric overhead travelling crane which 
serves the casting bay carries a 10-ton hook and 
a 5-ton grab ; a 14-ton magnet may be used with 
the hook for removing the pigs. 

When using the pig-casting machines, the 
stream of metal issuing from the furnace may be 
regulated so that first a lip-axis pouring device on 
one machine is filled, and then a similar device on 
the other. By means of these pouring devices 
seven pigs may be cast at a time. 

The slag is granulated with water on being 
tapped, and the granulated product is used for 
the manufacture of cement and ‘ Thermosit.”’ 
The molten slag is shot with a stream of water 
into a pit 12 x 9 x 12 ft. deep, from which it is 
removed with the 5-ton grab, when cold. 
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Gas 
The gas produced during the melting is tapped 
off through two pipes of about 18 in. dia., placed 
diametrically opposite each other just beneath 
the furnace roof. The gas analysis is as follows : 
co co, H, CH, 
72% 16° 10°, 20 


oO oO 


The gas has a calorific value of about 280 
B.Th.U./cu. ft., and is produced at the rate of 
about 21,000-25,000 cu. ft. per ton of pig, i.e., 
1,000,000-1,250,000 cu. ft./day. 

This gas is cleaned and used for various heating 
purposes throughout the works. Otherwise it 
may be discharged through a chimney in the roof 
of the furnace house. 

The gas-cleaning plant is divided into two halves 
(one on each side of the furnace) and consists of 
two double water seals, two coolers, two tar 
extractors, two water-spray washers, and a 
common pressure regulator on the exit main. 
Owing to explosion dangers the system must 
never come under suction. 

Inadequate provision was made for the removal 
of smoke and fumes. The combustion products 
of the shaft gases and soot particles from the 
baking electrodes streamed out from under the 
outside edge of the fume hood into the furnace 
bay, and spread out along the window wall and 
so to the staircase and the whole building. Three 
tilting ventilator fans, which provided a total 
suction of about 35,000 cu. ft./min., were built 
into each chimney, and these fans were certainly 
helpful in alleviating the smoke nuisance, although 
they did not eliminate it entirely. When the 
furnace was shut down in December, 1944, the 
opportunity was taken to mount a double wall 
on the inside of the hood to form a fresh-air 
chamber into which something like 10,000 cu. ft. 
of air is blown per minute. 


Electrodes 


In the earlier days of the run a certain amount 
of trouble was experienced with electrode break- 
age. This was overcome by attention to particle 
size, binding material, and tight stamping of the 
filling material. Experience showed that it was 
practically impossible to avoid discontinuities in 
the electrode. In the neighbourhood of the 
contact segments the current exerts a very strong 
heating effect and the mass becomes liquid ; 
small gaps then form one larger gap, leading to 
breakage of the electrode. This trouble was over- 
come to a large extent by filling the electrode 
casing partially rather than completely, so that 
the surface of the electrode mass was below the 
area of the contact plates and the mass was made 
so soft that the cavities disappeared. The elec- 
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trode was then filled right up again. This operation 
was repeated about once every two months. 


The Charge 


The electric low-shaft furnace requires uniform 
preparation and mixing of the charge. Particle 
size should lie between } in. and 2 in. Pieces 
larger than 4 in. must be avoided, firstly because 
they are not completely reduced, and secondly 
because they may cause stoppages in the discharge 
chutes and feeding arrangements. Fine dusty 
material is also unsuitable, as it sinters in the 
furnace and forms bridges, which in due course 
collapse. The collapse of such a bridge into the 
bath of liquid causes a sudden increase in gas 
pressure, which may throw open all the inspection 
covers and shoot some of the charge into the air. 
One of the worst possible results is that the charge 
becomes sprayed with liquid slag, forming an 
isolated, irreducible, refractory mass which fails 
to take part in the normal reaction. When this 
occurs the lump must be broken from above by 
means of a bar. 

The variable moisture content of the charge 
constituents was a frequent source of trouble. 
The situation would be improved by installation 
of a heating system in the concrete walls of the 
bins. 

No trouble was experienced in maintaining the 
carbon, manganese, phosphorus, and sulphur 
contents of the iron within the desired limits, but 
even when operating with a constantly uniform 
charge the silicon content tended to vary, from 
a trace to 4%. It is not possible to influence the 
silicon content at will by variation of the amount 
of coke charged, as is done in blast-furnace 
practice ; reduction of the silicon content is often 
dependent upon other factors inseparable from 
the running of the furnace, and the Company’s 
chemist, Dr. M. Kassen, has shown that the silicon 
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content of the iron varies directly with the ratio 
of current to voltage (J/U) at which the furnace 
is operated. Control of the Z/U ratio is not, 
however, a convenient method of influencing the 
silicon content. Undue increase in the J/U ratio 
decreases the voltage, so that the conversion zone 
shrinks and production drops ; further, the power 
factor falls and the cost of current increases. 


CONDITION AFTER CAMPAIGN 


When the furnace was shut down it was found 
that a smelting crater of about 10 ft. dia. had 
formed under each electrode. These craters 
reached almost to the side wall, and the charge 
had fallen into them. When the remainder of 
the contents of the furnace had been cleared out 
it was found that, while the side wall had remained 
practically intact, the hearth was badly affected. 

The three pyrometers inset in the furnace 
structure 5 in. below each electrode afforded an 
excellent means of checking the condition of the 
furnace. The electrodes are designated R, S, and 
T, in clockwise direction, electrode S being 
opposite the tap-hole. In the first month of 
operation all three pyrometers usually read about 
400° C., but after twelve months this figure rose 
to 500° C., the one on the tap-hole side, S, always 
being the highest. The signal for stopping the 
campaign came from electrode R, the pyrometer 
of which after a few days climbed rapidly to 
800° C. It was then found that the thickness of 
the hearth above it had decreased from 5 in. to 
about ? in., and the same condition obtained 
beneath the other electrodes. 

In the last two days of the furnace life, pro- 
duction was turned over to ferrosilicon, which 
considerably facilitated the cleaning—out. 

For the new campaign the top surface of the 
hearth was made up with compressed electrode 
blocks 16 in. high. 








apply for them. 





BINDING CASES FOR THE MONTHLY JOURNAL 


Members are reminded that applications for binding cases should be 
made to the Secretary as soon as possible. 
materials binding cases will be sent (free of charge) only to those who 


A notice with reply forms was printed on page 39 of the Advertisement 
Section in the April issue of the Journal. 


In view of the shortage of 
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ANNOUNCEMENTS AND NEWS OF SCIENCE AND INDUSTRY 








THE IRON AND STEEL INSTITUTE 


Special Summer Meeting in Switzerland, 


1947 


A notice, dated 5th May, 1947, has been 
circulated to members describing the arrange- 
ments for the Special Meeting in Zurich. The 
following details are extracted from the outline 
programme given in the circular. 

The meeting opens with an official reception 
by the Ziirich Canton and Municipality, on the 
evening of Wednesday, 9th July. Dr. Robert 
Durrer will be Chairman of the Reception Com- 
mittee. 

The opening ceremony on the morning of 
10th July, and the technical discussion on the 
mornings of 10th and 11th July, will be held in 
the Auditorium Maximum of the Eidgenossische 
Technische Hochschule, Ziirich, by invitation of 
Dr. A. Rohn, Prisident des Schweizerischen 
Schulrates. 





The Jungfraujoch 
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The following papers, published in this Journal, 
will be presented at the meeting : 


“* Hydrogen and Transformation Character- 
istics in Steel,’ by Professor J. H. Andrew, 
H. Lee, H. K. Lloyd and N. Stephenson. 

“ Hydrogen in Steel Manufacture,’ by Dr. C. 
Sykes, F.R.S., H. H. Burton, and C. C. Gegg. 

“* A Review of the Swiss Metal and Engineering 
Industry,”? by W. von Orelli. 

“* Electric Smelting,’ by Professor Dr. R. 
Durrer. 

“The Production of Iron and Steel with 
Oxygen-Enriched Blast,” by Professor Dr. R. 
Durrer. 

“* Possibilities for the Extended Use of Oxygen 
in the British Iron and Steel Industry,” by 
M. W. Thring. 

“The Scaling Behaviour of High-Strength 
‘Heat-Resisting Steels in Air and Combustion 
Gases,” by W. Stauffer and H. Kleiber. 

** Requirements of Steel 
for the Production of Gas 

' Turbines,” by H. R. 
Zschokke and K. H. 

Niehus. 

“* Observations on Con- 
ducting and Evaluating 
Creep Tests,” by W. Sieg- 
fried. 


“A New Method of 
Welding Rail Joints,” by 
F. Wortmann. 

“ The Electric Smelting 
Plant at Choindez.” 


The Second Hatfield 
Memorial Lecture 
“ Steels for use at Elevated 
Temperatures,” by Dr. C. 
Sykes, F.R.S., which is to be 
published by the Iron and 
Steel Institute as a special 
preprint in June, 1947, and 
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The Federal Institute for Technology—Zurich 


Special Report No. 38, ‘A Symposium on 
Pouder Metallurgy,” published by the Institute in 
May, 1947, will also be presented at the meeting. 

During the afternoons of Thursday and Friday, 
visits are being made to works in and around 
Zurich. Excursions are available to ladies whilst 
Members are attending meetings or visiting works. 

A Banquet, with a display of Swiss singing and 
dancing, is being given in the Kongresshaus on 
Thursday evening, and on Friday evening there 
will be an informal supper at Kyburg. The last 
few days of the official meeting, from Saturday 
to Tuesday. 15th July, will be spent in excur- 
sions and visits to works, including special works 
visits for ladies. From Wednesday, 16th to Friday, 
18th July, there will be alternative programmes 
of visits and excursions to Geneva or Interlaken 
and Montreux. 


VEREIN SCHWEIZERISCHER j 
MASCHINEN-INDUSTRIELLER§ | 


The Verein Schweizerischer Maschinen-Indus- 
trieller is the official trade association of the Swiss 
manufacturers of machinery, metallurgical pro- 
ducts, vehicles, and engineering equipment. It 
was founded by a number of the leading Swiss 
manufacturers at the time of the Swiss Exhibition 
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in 1883. In the year of its foundation it included 
46 works with a labour force of 9657 employees ; 
on the 3lst December, 1946, there were 315 
member firms employing 97,330 people. Member- 
ship of the Association is open to any firm 
employing not less than 20 people and having 
equipment of a minimum rating of 10 h.p. 

The main purpose of the Verein Schweizerischer 
Maschinen-Industrieller has always been the 
protection and promotion of the interests of the 
Swiss machinery manufacturers. Originally its 
activities were mainly commercial, or concerned 
with tariff questions, although wage problems and 
other political issues came within the province 
of the Association. In 1905, however, social and 
wage questions were taken over by the Arbeit- 
geberverband Schweizerischer Maschinen- und 
Metallindustrieller. 

Today the Association is primarily concerned 
with economic and technical questions ; these 
include export problems, legal and fiscal matters, 
patents, traffic problems, exhibitions at home and 
abroad, price structures, and, in recent years, the 
allocation of export quotas to the engineering 
industry. The technical side of the Association’s 
work includes the provision of a Technical 
Information Service, the education of technicians 
and engineers (in conjunction with the technical 
schools and universities), and the preparation of 
standard specifications. During the recent war 
the problem of maintaining the supply of raw 
materials to the engineering industry became an 
important part of the Association’s activities. It 
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also keeps in touch, through its member firms and 
through its Secretariat, with other technical 
organizations having similar interests. 

The administration of the Association is carried 
out by a Council elected at the Annual General 
Meeting, and by a Secretariat, and a Standards 
Bureau with a staff of 34 people. 

The present Chairman of the Association is 
Nationalrat Ernest Speiser. He was born in Basle 
in 1889. From 1909 to 
1931 he was engaged in 
business in many parts 
of the world including 
France, England, Singa- 
pore, and the U.S.A. In 
1931 he became Manager 
of A.G. Brown-Boveri et 
Cie, at Baden, and from 
11931 to 1946 he was Chief 
of the Swiss Federal Office 
of Industries and Labour 
‘at Berne. He became a 
member of the Swiss 
Federal Parliament in 
1943, and was elected Chairman of the Verein 
Schweizerischer Maschinen-Industrieller in 1947. 

The Council is pleased to announce that, in 
accordance with an arrangement for collaboration 
recently negotiated, members of the staff of 
member firms of the Verein Schweizerischer 
Maschinen-Industrieller, may be members of the 
Iron and Steel Institute at the reduced subscrip- 
tion of £2 12s. 6d. per annum, with an entrance 
fee of £2 2s. Od. 

The subscription for Associates of the Institute 
(v.e., under the age of 28) is £1 ls. 0d. (with no 
entrance fee). 





Ernest Speiser 


NEWS OF MEMBERS 
Recent Appointments 


> Mr. P. E. Garnspvry has left the Gramophone 
Co., Ltd., Hayes, to join C.A.V., Ltd., Acton. 

> The following members have been appointed 
directors of the Steel Company of Wales : 

Mr. E. H. Lever (Chairman), Sir Charles 
Bruce-Gardner, Bt., (Deputy-Chairman), Mr. 
W. F. Cartwright, Captain H. Leighton-Davies, 
Mr. 8. E. Graeff, Mr. R. A. Hacking, Mr. T. O. 
Lewis, Mr. E. C. Lysaght, Mr. E. J. Pode and 
Mr. C. R. Wheeler. 

> Mr. R. Raw tyes has joined the staff of the 
Research Department of the English Electric Co., 
Ltd., Stafford. 

> Mr. J. Bateman has taken up an appointment 
with Hard Metal Tools, Ltd., Coventry. 

> Dr. S. ToRRANCE has been appointed Technical 
Director to Messrs. John Wilkins & Co., Ltd., 
London. 
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> Mr. JAMES MiTcHELL has been appointed a 
director of Messrs. Stewarts and Lloyds Ltd., 
Glasgow. 

> Mr. S. Rosson has been appointed to serve on 
the Advisory Council on Scientific Research and 
Technical Development. 


> Mr. F. S. Yates has been appointed works 
manager of Messrs. Edward Yates & Sons, Ltd., 
Stockport. 

> Dr. W. STEVEN is leaving Messrs. Wm. Jessop 
& Sons, Ltd., to join the Development and 
Research Department of The Mond Nickel Co., 
Ltd., on Ist July, 1947. 

> Mr. E. W. SENIOR has been appointed a director 
of the Sheffield and District Gas Co. 

> Mr. C. R. Hook has been appointed Chairman 
and President of the Executive Committee of the 
American Rolling Mill Co., Middletown, Ohio, 
U.S.A. 

> Mr. L. C. GrimsHaw has taken up an appoint- 
ment as metallurgical engineer at the Clad 
Products Division of the Jessop Steel Co., 
Washington, Pa., U.S.A. 


Elections 
> Professor W. R. Jones has been elected Presi- 
dent of the Institution of Mining and Metallurgy 
for the session 1947-1948. 
> Mr. H. E. Lewis has been elected Hon. Vice- 
President of the American Iron and Steel Institute. 
> Mr. P. H. Witson has been elected President 


of the Institute of British Foundrymen for 
1947-1948. 
> Sir Witiram Larke, K.B., has succeeded 


Sir Francis Joseph as President of the Society 
of British Gas Industries. 


Awards 

The President and Members of Council offer 
their congratulations to : 
> Dr. A. B. EvVEREsT, who has been awarded the 
Oliver Stubbs Gold Medal by the Council of the 
Institute of British Foundrymen. 
> Mr. Basit Gray, who has received the British 
Foundry Medal from the Institute of British 
Foundrymen. 
> Sir CLIFFORD PATERSON, who has been awarded 
the 1946 James A. Ewing Medal, by the Council 
of the Institution of Civil Engineers. 


Obituary 

The Council regret to record the deaths of : 

Mr. CHaRLEs S. GRAHAM, Chief Metallurgical 
Chemist at the Normanby Park Works of Messrs. 
John Lysaght, Ltd. 

Mr. G. F. Dowp1ne, Director of Tata, Ltd., 
(London). 

Mr. Ernest R. TroucutTon, Managing Director 
of Messrs. Lavino (London), Ltd. 
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Staff Biography No. 6 

KENNETH HEADLAM-MORLEY, Secretary of the 
Institute, was born in Cambridge on the 24th 
June, 1901. His father was the younger son of 
the late Canon 
A. W. Headlam, 
of Whorlton Hall, 
Co. Durham, a 
member of a 
younger branch 
of a family 
which has been 
long established 
in Teesdale. In 
1917 James Wy- 
cliffe Headlam 
and his son and 
daughter assum- 
ed by Royal 
Licence the ad- 
ditional surname 
and arms of Mor- 
ley, a_ related 
family which has 
had old connections with Wharfedale, Swaledale 
and Craven in Yorkshire. 

Mr. Headlam-Morley was educated at Rokeby 
School, Wimbledon, where he has lived since 1904, 
and at Eton College, where he was in Division I, 
and won the Junior and Senior Rosebery History 
Prizes and Second Oppidan Prize ; he also rowed, 
being awarded his Lower Boat Choices and Upper 
Boats. In 1919 he went up to Oxford with a 
history scholarship at New College and there read 
“Greats”? and History; for three years he 
whipped in to the New College and Magdalen 
Beagles. 

In 1924 he joined the staff of Messrs. Dorman 
Long & Co., Ltd., iron and steel manufacturers, 
of Middlesbrough. After an extensive training in 
the secretarial, accountancy and commercial 
departments at Head Office, he spent some years 
getting varied experience in practically all depart- 
ments of the company’s works, and also spent 
some months working underground in the pits. 
He then joined the Managing Director’s Depart- 
ment and later served also for a short period in 
the By-Products Department and in the Com- 
pany’s London office. 

Mr. Headlam-Morley became Secretary of the 
Tron and Steel Institute in 1933, and as such was 
Secretary of the Institute’s four Joint Research 
Committees until they were transferred to the 
British Iron and Steel Research Association in 
1945-1946. He was also responsible for organizing 
the Symposium on the Welding of Iron and Steel, 
held in 1935, and the London Congress of the 
International Association for Testing Materials, 
held in 1937. In 1944 it was arranged that he 
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should also act as Secretary of the Institute of 
Metals, an appointment which, as_ recently 
announced, will come to an end in the near future. 
He has been Secretary of the Institution of 
Metallurgists since the foundation of the Institu- 
tion in 1945. During the war he served as Deputy 
Controller of the Chrome Ore Magnesite and 
Wolfram, Foundry Bonding Materials and associ- 
ated controls of the Ministry of Supply. 

Mr. Headlam-Morley has paid many visits to 
the Continent and has also twice been to Canada 
and the United States of America. 


THE AMERICAN INSTITUTE OF MINING 
AND METALLURGICAL ENGINEERS 


Junior Foreign Affiliates 


In 1933 reciprocal arrangements were concluded 
between the Iron and Steel Institute and the 
American Institute of Mining and Metallurgical 
Engineers (A.I.M.E.) whereby Members and 
Associates of the British Institute. who are under 
33 years of age, and who reside in countries other 
than the United States of America, Canada and 
Mexico, are accepted as eligible for election to the 
class of Junior Foreign Affiliates of the A.I.M.E. 
No initiation fees are required and the annual 
subscription for this class is only $5. This reduced 
rate applies for six years after enrolment, provided 
that the individual does not, in the meantime, 
attain the age of 33, after which the annual 
subscription becomes $15. 

Junior Foreign Affiliates enjoy most of the 
privileges of membership of the A.I.M.E.; in 
particular they receive, free of charge, (1) “‘ Mining 
and Metallurgy ’’ (published monthly), and (2) the 
choice of either “‘ Metals Technology” (eight 
issues per year) or one volume of “ T'ransactions ”’ 
(either Iron and Steel Division or Institute of 
Metals Division). 

Arising from a recent change of policy, every- 
thing now printed in “ Metals Technology ”’ will 
also appear in one or other of the “ Transactions ” 
volumes ; similarly, everything published in either 
volume of the “ Transactions’ will also be 
reproduced in “‘Metals Technology.”’ 

Forms of applications for Junior Foreign 
Affiliateship of the A.I.M.E. can be obtained on 
application to the Secretary of the Iron and Steel 
Institute. 

The Council of the Iron and Steel Institute have 
arranged that members of the A.I.M.E. resident 
in the United States of America, Canada or Mexico, 
can become Associates of the Institute and remain 
in that class until they reach the age of 33. They 
pay an annual subscription of £1 ls. Od.; no 
entrance fee is payable, nor is a transfer fee 
required on transferring to full membership. 
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CONTRIBUTORS TO THE JOURNAL 


Walter M. von Orelli—Engineer and Director of 
Scintilla Ltd., Soleure. Born in Naples in 1901, 
Mr. Orelli was educated at the Swiss School, 
Naples, at Glarisegg College, Steckborn, Switzer- 
land, and at the Swiss Federal Institute of 
Technology, Ziirich, where he graduated in 
mechanical engineering in 1923. For two years 
he was assistant to Dr. F. Prasil, studying 
hydraulics and water turbines. 

In 1925 Mr. Orelli became works manager with 
the firm of Escher-Wyss Maschinen-fabriken A.G. 
He then joined the staff of S. A. Fonderia Fratte, 
Salerno, as engineer, where he remained for ten 
years until taking up his present position. He 
became the Secretary of the Swiss Association of 
Machinery Manufacturers in 1943. 


Charles Sykes, D.Sc., F.R.S.— Director of the 
Brown-Firth Research Laboratories, Sheffield. He 
was educated at Staveley, Netherthorpe Grammar 
School, and the University of Sheffield, and 
graduated in Science in 1925. Having obtained 
his Degree of Master of Science in 1926, Dr. Sykes 
entered the Metallurgy Department, Sheffield 
University, under Professor C. H. Desch, F.R.S., 
as a Metropolitan-Vickers Research Scholar. 

From 1928, Dr. Sykes was connected with the 
research organization of the Metropolitan-Vickers 
Electrical Co., Ltd., being engaged at first on 
work of high-vacuo thermionic valves and X-ray 
tubes. About 1934, under the influence of 
Professor W. L. Bragg, F.R.S., he began to 
publish a series of papers on the superlattice, the 
order/disorder change in beta brass and other 
alloys, on the supposed low-temperature critical 
points in iron and steel, and on age-hardening. 

In 1940, Dr. Sykes succeeded Dr. Desch as 
Superintendent of the Metallurgy Division of the 
National Physical Laboratory, Teddington, and 
during the war he was engaged on a variety of 


C. Sykes 


W. von Orelli 
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problems concerning ballistics, armour-piercing 
shot, armour plate and the sabot shell. 


H. H. Burton-—Chief Metallurgist and Director 
of Research, English Steel Corporation, Ltd. Mr. 
Burton was educated at Sheffield Royal Grammar 
School, King Edward VII School, and the 
University of Sheffield. He joined the staff of the 
Research Department of Cammell Laird & Co., 
later becoming Assistant Superintendent of the 
Department. After the formation of English Steel 
Corporation, Ltd., in 1929, Mr. Burton was 
appointed Senior Assistant to the late Mr. J. H.S. 
Dickinson, and succeeded him as Chief Metallurgist 
upon his death in 1934. He was appointed a 
Special Director of the Company in 1938, and a 
Director in 1943. 

Mr. Burton was for many years a member of 
several Joint Committees of the Iron and Steel 
Institute and the Iron and Steel Industrial 
Research Council, becoming Chairman of the 
Ingots Committee and of the Hair-line Crack Sub- 
Committee on the death of Dr. Swinden. Those 
Committees now form part of the B.I.S.R.A. 
organization. During the war he was appointed 
Chairman of the Technical Sub-Committee dealing 
with gun forgings, and was also a member of the 
Gun Design Committee, and the Metallurgy 
Committee of the Advisory Council on Scientific 
Research and Technical Development, and many 
others. He carried out extensive investigations in 
connection with steels for guns, tanks and aircraft 
armour, and steels for aero-engines. He was a 
member of the Delegation to the U.S.A. in 1943, 
in connection with the conservation of alloys in 
steel manufacture. 

For a number of years Mr. Burton has been 
actively engaged in the investigation of the 
causes and prevention of hair-line cracks, and the 
part played by hydrogen in their formation. 
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W. Stauffer 


H. Kleiber 


C. C. Gegg, B.Sc.—Member of the staff of 
Messrs. Thos. Firth and John Brown, Ltd. Mr. 
Gegg was educated at Marlborough College, and 
obtained the Liversidge Scholarship in Chemistry 
at the Royal School of Mines, where he studied 
from 1931 to 1935. He took a First Class Honours 
Degree, and an Associateship of the Royal School 
of Mines, at the end of his term. Mr. Gegg joined 
the staff of Thos. Firth and John Brown, Ltd., in 
1935, as a personal assistant to Dr. Hatfield, and 
has been with the Company since that date. 


W. Stauffer— President of Schweizerische Stahl- 
normung fiir die Luftfahrt. Mr. Stauffer was born 
at Aarau in 1899 and studied metallurgy in 
Germany, mainly at the Technische Hochschule, 
Aachen. He spent short periods at various 
German metallurgical works until 1924, when he 
became metallurgist at Escher-Wyss Maschinen- 
fabriken A.G., Zurich. In 1926 he became head 
of the testing department and chief engineer, and 
in 1932 he was appointed head of the metallurgical 
department of Schweizerische Lokomotiv-und 
Maschinenfabrik, Winterthur. He became Presi- 
dent of Schweizerische Stahlnormung fur die 
Luftfahrt in 1944. 


H. Kleiber, Dipl.-Ing.—Manager of the gas 
turbine department of Escher-Wyss Maschinen- 
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W. Siegfried J. H. Andrew 
fabriken A.G. Mr. Kleiber was born at Basle in 
1914 and studied from 1933 to 1937 at the Swiss 
Federal Institute of Technology, Department of 
Mechanical Engineering, where he specialized in 
thermodynamics, aerodynamics, and aeronautics. 
In 1937 he obtained a Diploma in aerodynamics 
and, in the following year, he joined the Escher- 
Wyss organization, where he became depart- 
mental manager and head of the design office for 
gas turbine plants. 


W. Siegfried—Mr. Siegfried was born in 1907 
and received his technical education at the 
Swiss Federal Institute of Technology at Zurich. 
He graduated in 1932 and was later appointed 
Assistant to Professor Meissner in Technical 
Mechanics, and Engineer to the Department of 
Technical Physics at the Swiss Federal Institute 
of Technology. Mr. Siegfried is at present em- 
ployed with the firm of Sulzer Brothers, Limited, 
Winterthur. 


J. H. Andrew, D.Sc.—Professor of Metallurgy 
and Dean of the Faculty of Metallurgy, University 
of Sheffield. Born in 1887, Professor Andrew 
received his technical education at the University 
of Manchester, where he took a First Class Honours 
Degree in Chemistry and, later, received his 
M.Sc. Degree. In 1910 he became a Research 





H. Lee H. K. Lloyd 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


N. Stephenson R. Durrer 


JUNE 1947 








ogi bend pate 


yh Th bed OO ee 


— 


rT *f) 


mh + 








le in 
Wiss 
it of 
d in 
tics. 
mics 
her- 
yart- 
> for 


1907 

the 
rich. 
nted 
rical 
t of 
tute 
em- 
ited, 


irgy 
‘sity 
lrew 
‘sity 
ours 

his 


arch 


1947 

















F. Woértmann H. R. Zschokke 


Fellow and Demonstrator, and was awarded the 
Carnegie Scholarship of the Iron and Steel 
Institute. 

From 1914 until he went to Sheffield University 
in 1920, Professor Andrew was Chief of the 
Metallurgical Research Department of Armstrong 
Whitworth & Co., Ltd., Manchester. 


H. Lee, B.Eng., Ph.D.—Senior Research Metal- 
lurgist in the Department of Applied Science, 
University of Sheffield. Dr. Lee obtained a First 
Class Degree in mining and metallurgy at the 
National Hunan University of China, in 1936. 
In 1937 he received a Chinese Government 
Scholarship to enable him to take up post-graduate 
studies in England, and he entered the University 
of Sheffield. He was awarded a Brunton Medal 
and Premium by Sheffield University in 1938 and 
received the Degree of Ph.D. in 1940. Since 1940, 
he has carried out research for the Hair-line Crack 
Sub-Committee, and in association with Professor 
Andrew and others, is co-author of a series of 
papers published on this subject. 


Henry K. Lloyd, B.Sc.—Research worker in the 
Department of Metallurgy, University of Sheffield. 
He was educated at Cowbridge Grammar School 
and later entered Swansea University College by 
scholarship, in 1938. He graduated, in 1942, with 
a First Class Honours Degree in Metallurgy. 
During vacational courses he obtained practical 
steelmaking experience at the plants of Messrs. 
Colvilles, Ltd., and Messrs. Guest Keen Baldwins, 
Ltd. 

On graduation, Mr. Lloyd joined the research 
staff of Appleby-Frodingham Steel Co., Ltd., 
Scunthorpe, and was engaged on work associated 
with gases in molten steel. He later joined the 
staff of M.A.P. and worked for two years at the 
A.I.D. Test House, Harefield, on metallurgical 
examination of aircraft failures. Mr. Lloyd 
entered Sheffield University in 1946 and has since 
been working under Professor Andrew on re- 
searches into the problem of hair-line cracks. 
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N. Stephenson, B.Met.—Research worker in the 
Department of Metallurgy, University of Sheffield. 
Mr. Stephenson was educated at the Grammar 
School, Barrow-in-Furness and graduated, in 1945, 
with a First Class Honours Degree in Metallurgy 
at the University of Sheffield. Since then, he has 
been engaged on research work on hair-line crack 
problems. 


Dr. Robert Durrer—Professor of Metallurgy at 
the Eidgenossische Technische Hochschule, Ziirich, 
and Director of the von Roll’schen Eisenwerke. 
Additional biographical notes of Dr. Durrer are 
given in the frontispiece to this issue. 


F. Wortmann, Dr.-Ing.—Member of the staff 
of Société Anonyme des Ateliers de Sécheron, 
Geneva. Dr. Wértmann was born in 1895 and 
studied electrical engineering at the Technische 
Hochschule, Aachen, where he later became 
assistant in the department for electric plant and 
railways. In 1923 he obtained the Degree of 
Doktor-Ingenieur at the Technische Hochschule, 
Hanover, for his thesis on arc welding with 
alternating current. In 1925 he joined his present 
company and has since been concerned with 
development and research on welding problems. 


H. R. Zschokke, Dipl.-Ing.—Head of the 
mechanical testing department and metallo- 
graphic laboratory of A.G. Brown-Boveri et Cie. 
Mr. Zschokke graduated from the Swiss Federal 
Institute of Technology in 1924, and joined the 
staff of the Brown-Boveri research station at 
Baden. He was transferred to the Company’s 
testing department in 1935 and was promoted to 
his present position in the following year. 


K. H. Niehus—Chief Engineer of the Gas 
Turbine Department of A.G. Brown-Boveri et 
Cie. Mr. Niehus graduated from the Swiss 
Institute of Technology, Ziirich, in 1923, where 
he studied under Professor A. Stodola. For a 
short while he worked in Cleveland, Ohio, as a 
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draughtsman in the Engine Drawing Office of the 
American Shipbuilding Co., and then, in 1924, he 
joined the staff of the Maschinenfabrik Augsburg- 
Niirnberg in Augsburg, working on the develop- 
ment of the high-speed two-stroke double-acting 
marine Diesel engine. After four years in Germany 
Mr. Niehus joined A.G. Brown-Boveri et Cie., 
where he was engaged on test work on gas turbine- 
driven superchargers for Diesel engines, and later 
on the design of ‘ Velox ’ boilers and gas turbines. 


M. W. Thring, M.A.—Head of Physics Depart- 
ment, the British Iron and Steel Research 
Association. Mr. Thring took a First Class 
Honours Degree in Mathematics and Physics at 
Trinity College, Cambridge, and received the 
Rouse Ball Prize in 1937. 

In 1937 he was appointed Assistant Scientific 
Officer with the British Coal Utilisation Research 
Association, and was promoted, in 1942, to Senior 
Scientific Officer and Officer-in-Charge of the 
Combustion Research Laboratory. In the follow- 
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ing three years he and his team were largely 
engaged on a co-operative research with Dr. J. H. 
Chesters and the United Steel Companies, Ltd., 
into the study of flames in furnaces : some of the 
results of this work are recorded in the Iron and 
Steel Institute’s Special Report No. 37, entitled 
“The Effect of Port Design on Open- Hearth 
Furnace Flames.”’ The ‘ Down Jet’ method of 
combustion and the use of Radon for studying 
gas flames in furnaces originated in Mr. Thring’s 
team. 

Mr. Thring has written a large number of papers 
on various aspects of fuel utilization and has also 
been responsible for some rather more theoretical 
papers on laws governing energy flow in heating 
appliances. He served on the Temperature 
Measurement Committee of the British Standards 
Institution and took part in drafting the B.S. 
Specification No. 1041 on this subject. 

He took up his present position, as Head of the 
Physics Department of the British Iron and Steel 
Research Association, in July, 1945. 


TRANSLATION SERVICE 


Since the announcement made in the May issue of the Journal (see page 126), 
further translations have been put in hand and the following are now available or 


in course of preparation : 


TRANSLATIONS AVAILABLE 

No. 308 (Russian). S. Herzrvcken and M. 
Frmncotp: “The Calculation .of the 
Diffusion Coefficient in Mixtures of 
Powdered Substances.” (Journal of 
Technical Physics (U.S.S.R.), 1940, vol. 
10, No. 7, pp. 574-77). 

No. 309 (Swedish). C. G. Cartson and R. 
RYNNINGER: “ Electric Apparatus for 
Light Emission in Spectrum Analysis.”’ 
(Jernkontorets Annaler, 1947, vol. 131, 
No. 1, pp. 1-25). (Translation provided 
through the courtesy of the authors). 


TRANSLATIONS IN COURSE OF PREPARATION 

(German). G. Bute: “ The Production of Pig 
Iron with Low-Iron Burdens.” (Stahl 
und Eisen, 1947, vol. 66-67, Mar. 27, 
pp. 69-78). 

(German). E. Core. : ‘‘ The Development of the 
Blast-Furnace Profile.” (Royal Hun- 
garian Palatine-Joseph University, Publi- 
cations of the Department of Mining and 
Metallurgy, 1941, vol. 13, pp. 3-10). 

(German). A. GELEst : ‘‘ Power Requirements for 
Rolling and for Mill Trains.” (Royal 
Hungarian Palatine-Joseph University, 
Publications of the Department of Mining 
and Metallurgy, 1940, vol. 12, pp. 192- 
212). 
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(German). A. GELEJI : “‘ The Theoretical Problems 
Involved in the Design of Rolling-Mill 
Stands.”” (Royal Hungarian Palatine- 
Joseph University, Publications of the 
Department of Mining and Metallurgy, 
1941, vol. 13, pp. 224-242). 

(German). A. GELEJI: “ Calculating the Forces 
Arising and the Power Requirements in 
the Mannesmann Tube-Rolling Process.” 
(Royal Hungarian Palatine-Joseph Uni- 
versity, Publications of the Department of 
Mining and Metallurgy, 1941, vol. 13, 
pp. 208-223. 


(German). K. Rumme.: “The Gas Balance in 
Iron and Steel Works.” (Stahl und 
Eisen, 1947, vol. 66-67, Jan. 2, pp. 
19-23). 


CHARGES FOR CoPIES OF TRANSLATIONS.—For 
the above translations a charge will be made of 
10s. for the first copy and 5s. for each additional 
copy of the same translation. Requests for trans- 
lations should be accompanied by a remittance. 
The above translations are not available on loan 
from the Joint Library. 

TRANSLATIONS PREPARED AT MEMBERS’ RE- 
QuEST.—Members requiring translations of foreign 
technical papers are invited to communicate with 
the Secretary, who will ascertain whether the 
translations can be prepared for inclusion in the 
series. 
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FUEL — PREPARATION, PROPERTIES 
AND USES 


High-Temperature Flames. (Coke and Gas, 1947, vol. 
9, Feb., pp. 50-53). The generation of high-temperature 
flames and the relative merits of gas and fuel oil for open- 
hearth furnaces are discussed. T. F. Pearson’s basis for 
assessing the luminosity of fuels is considered and the 
conclusion is reached that the best fuel for the open- 
hearth furnace would not be petroleum fuel oil, but 
coal-tar pitch, or pitch-creosote. Methods of increasing 
the luminosity of the coke-oven gas flames are also dealt 
with.—R. A. R. 

Oxygen—Past, Present, and Prospects. (Chemical 
Engineering, 1947, vol. 54, Jan., pp. 123-131). The 
development of commercial processes for the production 
of oxygen in America and Germany is reviewed, and the 
industrial applications in the steel and fuel industry are 
described. It is estimated that 65% of the oxygen made 
in America is used in the steel producing and fabricating 
industries. Plans have been made by American steel 
manufacturers for the experimental use of enriched air 
in blast-furnaces and open-hearth furnaces.—«. A. v. 

Simple Calculation of Radiation from Non-Luminous 
Furnace Gases. W. Trinks. (Industrial Heating, 1947, 
vol. 14, Jan., pp. 40-46). A comparatively simple method 
of calculating the heat transfer from non-luminous 
gases, which was published by H. Schwiedessen (see 
Journ. I. and S. I., 1941, No. II, p. 1924) is discussed. 
Schwiedessen, assuming engineers’ preference for heat- 
transfer coefficients which are a function of the mean 
of the temperatures of the radiating gas and of the 


heat-receiving solid. An example illustrates the use of 
these coefficients.—G. C.J. 

Heat Transfer. G. T. Skaperdas. (Industrial and 
Engineering Chemistry, 1947, vol. 39, Jan., pp. 28-29, 
35-36). The literature published during 1946 on the 
subject of heat transfer is reviewed under the headings : 
Convection; Boiling and Condensing; Conduction ; 
Miscellaneous Methods of Heating; Design Methods ; 
and Heat Exchange Equipment. Sixty-seven references 
to the literature are appended.—c. o. 

Application of Similarity Principles to Thermal Trans- 
port Systems. M. W. Thring. (Nature, 1947, vol. 159, 
Feb. 8, pp. 203-204). Similarity laws are used to examine 
the transfer of heat by radiation from a flame.—m. A. Vv. 

Trends in Steam Generation among Steel Mills. A. D. 
Blake. (Blast Furnace and Steel Plant, 1947, vol. 35, 
Jan., pp. 112-113). Post-war trends in the design of 
steelworks’ steam-generating plant are reviewed.—J. R. 

Steam Generation in Steel Mills. F. X. Gilg. (Blast 
Furnace and Steel Plant, 1947, vol. 35, ian., pp. 106-111). 
Fuels and equipment for steelworks’ steam-generating 
plant are discussed.—J. R. 

Boiler Plant for Steel Works. (British Steelmaker, 
1947, vol. 13; Feb., pp. 94-96). The design of boiler 
plants for working in the 250-400 lb./sq. in. pressure 
range is discussed and the relative merits of travelling- 
grate stokers, spreader-type stokers and pulverized 
fuel firing are compared.—R. A. R. 

Solid Fuel—Efficiency and the Furnaceman. (Iron and 
Steel, 1947, vol. 20, Feb., p. 42). The views of the furnace- 
man on attending classes on combustion and his attitude 
to the demand for higher efficiency are explained.—R. A. R, 
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Developments in Rheolaveur Trough Washing in 
Belgium. (British Intelligence Objectives Sub-Committee, 
1947, Final Report No. 957: H.M. Stationery Office). 
A general account is given of developments in coal- 
washing in Belgium since just before the 1939-1945 War. 
Special reference is made to improvements in the Rheo- 
laveur process, including : Adoption of automatic control ; 
increase of maximum size of coal cleaned ; dust extrac- 
tion ; and drying after washing.—c. o. 

Coal Preparation Practice. A. Grounds and W. Reed. 
(Institution of Mining Engineers : Iron and Coal Trades 
Review, 1947, vol. 154, Mar. 14, pp. 413-418). Progress 
in Coal Preparation Practice. A. Grounds and W. Reed. 
(Colliery Guardian, 1947, vol. 174, Mar. 7, pp. 251-255, 
Mar. 14, pp. 289-293). Statistics on the number, capacity 
and age of British coal-cleaning plants are presented and 
discussed. Recent modifications in the dense-medium 
process and the continental outlook on future practice 
and associated problems are reviewed.—R. A. R. 

Coal Washing. W. L. McMorris, jun. (American 
Institute of Mining and Metallurgical Engineers : Steel, 
1947, vol. 120, Jan. 27, pp. 96-98). A short survey is 
made of coal-cleaning processes in use in the United 
States. At Robena, Pennsylvania, high- and low-sulphur 
coals are blended to give a product of uniform composi- 
tion before washing in a heavy-medium (magnetite) 
separator.—c. oO. 

The Laboratory Scale Coal Carbonisation Assays. 
J. Brown. (Fuel in Science and Practice, 1947, vol. 26, 
Jan.—Feb., pp. 5-15). The important details of the work- 
ing of the published laboratory-scale coal assays are 
collected and reviewed.—c. oO. 

Coke Oven Gas Separation by Linde. (British Intelli- 
gence Objectives Sub-Committee, 1947, Final Report 
No. 876: H.M. Stationery Office). A report is presented 
on the work carried out at Oppau on the separation of 
coke-oven gas into individual fractions.—R. A. R. 

Much Activity in By-Product Coke Industry in-1946. 
W. C. Rueckel. (Blast Furnace and Steel Plant, 1947, 
vol. 35, Jan., pp. 83-84). Data are given of coke-oven 
and by-product plant built or reconstructed in the 
United States during 1946.—3. R. 

The Manufacture of Sulphate of Ammonia. A. C. 
Middleton. (Coal and Smokeless-Fuel Age, 1946, vol. 8, 
Dec., pp. 267-270; Coke and Gas, 1947, vol. 9, Jan., 
pp. 24-26). Developments of plant and processes in the 
manufacture of sulphate of ammonia are reviewed.— 
R. A. R. 

Developments in Gas-Producer Practice. (Coke and 
Gas, 1947, vol. 9, Jan., pp. 21-23). A review is given of 
recent researches on the design and use of gas-producers. 
In Germany considerable attention has been paid to 
oxygen blast and liquid ash removal. The price of 
oxygen in Great Britain is prohibitive ; British research 
has been concentrated on problems of blast preheating 
and enrichment, gas-cleaning, and coal preparation.— 
C. O. 

Theoretical and Practical Details in the Operation of 
Gas Producers. K. F. Bray. (Iron and Coal Trades 
Review, 1947, vol. 154, Apr. 4, pp. 569-574). A brief 
outline is given of the chemical reactions in the gas 
producer. Suggestions are made for attaining the 
maximum efficiency in the operation of gas producers 
by control of the ash-bed, clinker formation, the blast, 
the coal feed, and ash removal.—c. o. 

The Utilisation of Town Gas in Germany. (British 
Intelligence Objectives Sub-Committee, 1947, Final 
Report No. 971). The team which studied the utilisation 
of town gas in Germany concluded that the British gas 
industry has little to learn from Germany on this subject. 
—R. A. R. 
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The Steam and Gas Cycle. F. J. Clark. (Lincolnshire 
Tron and Steel Institute, 1947, Jan. 28). The thermo- 
dynamic characteristics, advantages, and application 
of the basic gas-turbine designs are discussed, and the 
efficiencies to be expected are contrasted with those of 
the gas engine and steam turbine.—J. R. 

Regenerative Type Heat Exchanger, A.V.A. Gottingen. 
(British Intelligence Objectives Sub-Committee, 1947, 
Final Report No. 298, H.M. Stationery Office). The 
principles of the Ritz regenerative heat exchanger, which 
is based on apparently new conceptions and data, 
principally heat transmission at very low Reynolds 
numbers (50-200), are explained.—R. A. R. 

Improved Design of Metallic Recuperator. F. D. Hazen. 
(Iron and Steel Engineer, 1947, vol. 24, Feb., pp. 59-62). 
A detailed description of a metallic recuperator for pre- 
heating air for reheating furnaces is given. Each heating 
element consists of two concentric tubes; these are 
suspended vertically in staggered rows ; the outer tubes 
are of stainless steel and are closed at the bottom. The 
cold air passes down the centre and is heated while 
pressing upward through the annular space.—Rk. A. R. 

Technical Report on the Ruhr Coalfield. (Ministry of 
Fuel and Power: British Intelligence Objectives Sub- 
Committee, 1946, Final Report No. 394, vol. 2, Parts I and 
II): H. M. Stationery Office). This report has been 
compiled by a technical mission to the Ruhr coalfield 
from the Mechanisation Advisory Committee of the 
Ministry of Fuel and Power. Part I consists of the 
smaller diagrams and photographs. with explanatory 
captions, whilst Part II consists of the larger folded 
diagrams.—R. A. R. 

The Grindabilities of South African Duff Coals. C.C. La 
Grange. (Journal of the Chemical, Metallurgical and 
Mining Society of South Africa, 1946, vol. 47, Dec., 
pp. 217—223).—k. A. R. 

The Briquetting of Coal. J. B. Reed. (Monthly Bulletin 
of the British Coal Utilisation Research Association, 1947, 
vol. 11, Feb., pp. 41-49). Brief illustrated particulars 
are given of the principal types of briquetting plant. 
and some of the theories advanced to explain the 
briquetting process are enumerated.—R. E. 

Coal Washing and Flotation Plant. (fron and Coal 
Trades Review, 1947, vol. 154, Jan. 17, pp. 134-138). 
Details are given of the design and operation of a Coppée 
coal-washing plant and a Coppée slurry-flotation plant, 
both recently put into commission at the Bo’ness works 
of the Kinneil Cannel and Coking Coal Co., Ltd. The 
installations have proved efficient in practice and can 
handle 100 tons of raw coal and 10 tons of slurry per hour, 
respectively.—J. R. 

Preliminary American Tests of a Cyclone Coal Washer 
Developed in the Netherlands. M. R. Geer and H. F. 
Yancey. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 2136; 
Coal Technology, 1947, vol. 2, Feb.). A description is 
given of an investigation being carried out by the United 
States Bureau of Mines of a heavy-medium coal-cleaning 
device developed in the Netherlands. Preliminary 
tests with a laboratory-size unit of this cyclone washer 
have shown its high capacity and ability to make a 
sharp and efficient separation between coal and impuri- 
ties at particle sizes down to 48-mesh. The principal 
factors affecting the operation are the specific gravity 
of the medium and the size of the discharge openings. 
—c. 0. 

High Pressure Gasification of Coal in Germany. H. M. 
Weir. (Industrial and Engineering Chemistry, 1947, 
vol. 39, Jan., pp. 48-54). A detailed description is given 
of the Lurgi high-temperature-gasification plant at 
BG6hlen, Saxony.—c. 0. 
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Ruhrgas A. G. (Coke and Gas, 1947, vol. 9, Feb., 
pp. 33-35, 44). The functioning and characteristic 
features of the Ruhr gas grid are described.—R. A. R. 


TEMPERATURE MEASUREMENT AND 
CONTROL 


Some Effects of Electronic Transitions upon Precision 
Thermometry. W.R. Ham and C. H. Samans. (Science, 
1946, vol. 104, July 12, p. 38). Recent measurements of 
the electrical resistance of various materials at elevated 
temperatures have disclosed : (1) The electrical resistance 
of a pure conductor is a straight-line function of tempera- 
ture, but the slope changes appreciably between certain 
specific temperatures. (2) Since the temperatures at 
which these discontinuities have been found are inde- 
pendent of purity, concentration, or heat-treatment, the 
resistance-temperature curve for an alloy will be affected 
to some extent at each of the temperatures which are 
characteristic of each of its components. These tempera- 
tures may be used as an accurate method of calibration 
in the proper temperature range. (3) Errors may be 
introduced in certain ranges of temperature by the 
common practice of drawing calibration curves smooth 
instead of as straight lines changing in slope at these 
specific temperatures. These errors may be as large as 
6° C. in a chromel-alumel thermocouple, or as large as 
2° C. in a platinum resistance thermometer. (4) Heat- 
treatment is equally as important as purity in affecting 
the temperature coefficient of resistance for platinum. 
Depending upon the heat-treatment, values of the 
coefficient as high as 1-400 or as low as 1-366 have been 
obtained.—R. A. R. 

Temperature Control. S. Tweedy. (Electrical Review, 
1947, vol. 140, Jan. 17, pp. 121-123). Although successful 
operation of thermostatic systems for temperature con- 
trol must depend in the last resort on the characteristics 
of the thermostat, the layout and construction of the 
apparatus are also important. These and other factors 
influencing the performance of thermostatic systems are 
discussed.—J. R. 

Recording Surface Heats with Radiation Pyrometer. 
(Steel, 1946, vol. 119, Dec. 30, p. 74). A short description 
is given of a radiation pyrometer designed for measuring 
the surface temperatures of steel slabs in heat-treatment 
furnaces with an accuracy of + 5° F.—c. 0. 

Emissivity of Molten Iron and Steel. D. Knowles and 
R. J. Sarjant. (Journal of the Iron and Steel Institute, 
1947, vol. 155, Apr., pp. 577-592). The emissivity of 
molten iron and steel has been determined under a wide 
range of laboratory and workshop conditions. Observa- 
tions of true temperature were made with immersion 
thermocouples, and correlated with apparent tempera- 
tures indicated by disappearing-filament optical pyro- 
meters. Variations of emissivity were studied in relation 
to true temperature, the composition of the molten 
metal, the type of steelmaking process, the character of 
the lining of either melting furnace or ladle, and the 
casting conditions. The influence was determined of the 
content of carbon, silicon, aluminium, chromium, nickel, 
copper, and manganese. The emissivity of steels melted 
in acid linings was generally lower than in basic linings. 
An overriding practical factor was the presence of an 
oxide film, the quantitative effect of which was deter- 
mined in a number of instances. 

A Photo-Electric Roof Pyrometer for Open-Hearth 
Furnaces. T. Land. (Journal of the Iron and Steel 
Institute, 1947, vol. 155, Apr., pp. 568-576). A descrip- 
tion is given of a photo-electric pyrometer, employing 
a selenium barrier-layer photo-electric cell which has 
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been developed for the measurement of open-hearth 
furnace roof temperatures. In Part I the reasons are 
given for choosing a photo-electric instrument in 
preference to other types of radiation pyrometers. 
Part II describes the construction, installation and 
operation of the pyrometer, and Part IIT is a discussion 
of the errors introduced in the measurements by the 
presence of flame in the furnace. The pyrometer has 
given excellent service for a period of six months, with 
very little maintenance, and no measurable change of 
calibration occurred during this period. 


FOUNDRY PRACTICE 


The Year's Progress in the Production and Application 
of Alloy Cast Irons. A. E. McRae Smith. (Metallurgia, 
1946, vol. 35, Dec., pp. 93-96). The progress made in 
the development and production of alloy cast irons 
during 1946 is reviewed. The only notable alterations 
from pre-war practice in casting methods are the use 
of metal melted in the electric furnace and a marked 
increase in the use of exothermic ferro-alloy additions 
in the ladle. The types of cast iron discussed are: 
Pearlitic; acicular nickel-molybdenum ; wear and abra- 
sion resistant ; corrosion and heat-resistant ; and flame- 
hardening.—c. o. 

Molding Sand Fineness Test. M. Price and A. I. 
Krynitsky. (American Foundryman, 1946, vol. 10, 
Dec., pp. 24-33). The merits of the ordinary pipette, 
the Andreasen pipette, and the hydrometer for determin- 
ing the fineness of moulding sands were studied and the 
hydrometer method was found to be the best.—R. A. R. 

Gypsum Cement—Practical Patternmaking Applica- 
tions. E. H. Schleede. (American Foundryman, 1947, 
vol. 11, Jan., pp. 46-50).—rR. A. R. 

Cores for Automotive Malleable Castings. W. G. 
Ferrell. (American Foundryman, 1946, vol. 10, Nov., 
pp. 46-47). In these recommendations on preparing 
cores for malleable iron castings the use of as little core 
oil as possible is stressed.—R. A. R. 

New Binders Improve Core Performance. H. L. 
Gebhardt. (Iron Age, 1946, vol. 158, Dec. 26, pp. 66—68). 
The use of synthetic resins as binders for core sands is 
discussed. Among the advantages claimed for these 
sands are faster baking times, lower baking tempera- 
tures, high strength in tension and compression, and the 
production of cores with hard, moisture-resistant surfaces 
and softer centres. Synthetic-resin-bcnded sands are 


particularly suited to baking by dielectric heating.—c. 0. 
Mechanical Shakeout. J. L. Yates. (American 
Foundryman, 1946, vol. 10, Nov., pp. 49-57). The 


design of mechanical shake-out equipment for different 
sizes of flask is considered with special reference to dust 
control.—R. A. R. 

Manufacture of Light Castings (Baths, Cookers, etc.) in 
Germany. (British Intelligence Objectives Sub-Commit- 
tee, 1947, Final Report No. 914 : H.M. Stationery Office). 
—R. A. R. 

German Chilled Iron Roll Industry. (British Intelli- 
gence Objectives Sub-Committee, 1947, Final Report 
No. 1078: H.M. Stationery Office).—R. A. R. 

Precision Cast Finned Cylinders. E. I. Valyi. (Materials 
and Methods, 1946, vol. 24, Dec., pp. 1450-1451). A 
description is given of the casting of steel aircraft-engine 
cylinders with fins 0-03-in. thick projecting from walls 
0-15-in. thick. The mould, made of a cheap refractory 
material, is shaped about a pattern of a special plastic. 
The cylinders are cast centrifugally, spinning about their 
own axes. Porosity and residual stresses are almost 
completely absent in the finished product.—c. 0. 
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The Manufacture of Cast Steel Stern Frames in Con- 
nection with Australian Shipbuilding. W. Blaye. (Insti- 
tute of Australian Foundrymen : Australasian Engineer, 
1946, Dec. 7, pp. 71-74). A description is given of the 
making of the mould for and the casting of a steel stern- 
frame for a 10,000-ton merchant ship. The casting was 
27 ft. long ; its thickness varied between 2} in. and 12? in., 
and it weighed 24 tons.—c. o. 


The Development and Present Position of the Con- 
tinuous Casting of Non-Ferrous Metals. H. Kastner. 
(Stahl und Eisen, 1947, vol. 67, Jan. 2, pp. 10-19). 
Three German firms, by pooling their resources and 
patents, have brought the continuous-casting of copper, 
bronze, brass, zinc, and magnesium alloys, and more 
particularly aluminium alloys, to a high state of per- 
fection, and their processes are used in several countries. 
A comprehensive review of these processes is given with 
drawings and photographs of the equipment. Theoretical 
and practical considerations affecting the application of 
continuous-casting processes to iron and steel are dis- 
cussed. Tables are given comparing the quantities of 
heat given up when cooling 1 kg. and 1 cu. m. of copper, 
aluminium, brass, pig iron, and steel through various 
temperature ranges. The practical difficulties in the 
ease of steel include the prevention of slag formation 
due to the great affinity of molten iron for atmospheric 
oxygen, but it appears to be possible to overcome these 
by using closed vessels, protective atmospheres, short 
closed runners and slag traps. Tests lasting several 
months have been carried out at a steelworks with 
promising results, but the nature of these is not stated. 
—R. A. R. 

An Integrating Photometer to Measure Porosity in 
Castings. E. I. Salkovitz. (Industrial Radiography, 
1946-47, vol. 5, No. 3, Winter, pp. 38-40). The purpose 
of the instrument described is to eliminate the personal 
factor in the estimation of the porosity of a casting from 
the appearance of an X-ray film. A beam of parallel 
light from an electric bulb is passed through the X-ray 
film down the neck of a 12-litre round-bottomed glass 
flask, coated internally with white lacquer and externally 
with black. A photronic cell fitted to the side of the 
flask measures the amount of light reaching the interior 
of the flask. As the percentage porosity of the casting 
influences the degree of blackening of the X-ray film 
it can be determined from a knowledge of the amount 
of light absorbed in passing through the film to the flask. 
The theory is explained and the calibration and operation 
of the instrument are described.—aA. E. Cc. 


HEAT-TREATMENT AND HEAT- 
TREATMENT FURNACES 


A Discussion of Prepared Furnace Atmospheres. C. E. 
Thomas. (American Gas Association : Steel Processing, 
1946, vol. 32, Nov., pp. 733-736). The development of 
prepared atmospheres for the prevention of oxidation 
and decarburization of steel during heat-treatment is 
reviewed. The “ carbon balance ”’ and the water-vapour 
contents of such atmospheres are the factors which 
influence oxidation and the migration of carbon into’or 
out of the steel. The control of these factors by com- 
bustion, by endothermic hydrocarbon-air reactions over 
heated catalysts, and by lithium is discussed.—c. o. 

Automatic Machines Use Gas to Heat-Treat Parts. 
F. Maud. (Machinist, 1947, vol. 90, Jan. 25, pp. 1701-1706). 
Diagrams and illustrations are given Of the burners and 
control mechanisms of various types of automatic gas- 
fired heat-treatment furnaces.—c. 0. 
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Atmosphere Heat Treating Alloy Steel Wire Springs 
and Small Parts. H.M.Heyn. (Wire and Wire Products, 
1946, vol. 21, Dec., pp. 962-963). Notes are presented 
on the equipment used at the Barnes-Gibson-Raymond 
plant, Detroit, for the heat-treatment of alloy-steel 
springs and small parts of complex shapes cut and 
pressed from strip and sheet. Three radiant-tube type 
furnaces, with continuously circulating atmospheres of 
nitrogen and carbon monoxide are used. Each has a 
capacity of about 600 lb./hr.—c. o. 


Controlled Atmospheres from City Gas for the Heat- 
Treatment of Steels. I. Jenkins. (American Institute of 
Mining and Metallurgical Engineers, Technical Publica- 
tion No. 2121: Metals Technology, 1947, vol. 14, Jan.). 
The design of generators for producing controlled atmo- 
spheres by the combustion of town gas or similar hydro- 
carbon-containing gases is discussed. Descriptions are 
given of investigations on : The gas-etching of low-carbon 
steel during bright-annealing; the decomposition of 
carbon monoxide in atmospheres used in the bright- 
annealing of low-carbon steel; the effect of lubricants 
on bright-annealing ; the reduction of scale on hot-rolled 
steel ; and the effect of carbon dioxide in burnt town 
gas used in the bright-annealing of high-carbon steel. 
Partially burnt town gas, as generated, is suitable for 
the bright-annealing of medium- and high-carbon steels 
only at temperatures below 680° C. At higher tempera- 
tures the concentrations of carbon dioxide and water 
vapour lead to excessive decarburization. In burnt town 
gas modified by controlling carbon dioxide at a low 
concentration or by removal of the carbon dioxide and 
controlled drying it does not appear possible to bright- 
anneal at below 800° C. without decarburization.—c. o. 


Pit-Type Atmosphere Furnaces Used in Production of 
Tapered Steel Tubing. (Industrial Heating, 1947, vol. 14, 
Jan., pp. 24-46). A description is given of the furnaces 
used for the heat-treatment operations involved in the 
production of close-tolerance, cold-reduced tubing by 
the ‘‘ Rockrite”’ process. The tubes are produced from 
pierced and upset forgings which are subjected to a 
spheroidizing anneal when received. For this treatment 
Lithco pit-type propane-fired furnaces are used. Cold- 
reduction operations are carried out in three separate 
stages,and between the first and second, and the second 
and third, the tubes are given a stress-relief anneal in 
the Lithco furnaces.—6. c. J. 


Continuous Furnaces Feature Equipment of Plant of 
Columbia Steel Treating Co. (Industrial Heating, 1946, 
vol. 13, Nov., pp. 1924-1931; Dec., pp. 2048-2052). 
The heat-treatment equipment at the Detroit, Michigan, 
works of the Columbia Steel Treating Company is 
described and illustrated. The continuous hardening 
furnace is capable of heating 2000 lb. of steel per hour 
up to a temperature of 1650° F.—c. o. 


Modern Plant Operated by General Heat Treating Co. 
in Cleveland. (Industrial Heating, 1947, vol. 14, Jan., 
pp. 130-138). The plant described is equipped for 
annealing, carburizing (liquid, pack, and gas), hardening 
of carbon and high-speed tool steels, continuous clean 
hardening, normalizing, tempering, and other heat- 
treating operations. The furnaces used include gas-fired 
box-type furnaces, a surface-combustion controlled- 
atmosphere continuous furnace, an electrically heated 
pit-type gas-carburizing furnace, gas-fired pit-type 
tempering furnaces, and immersed-electrode and gas- 
fired pot-type salt-bath furnaces. All furnaces are 
automatically controlled by individual instruments.— 
G:i0.a% 
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Modernized Set-Up Cuts Heat Treat Costs. J. G. 
Gurney. (Iron Age, 1947, vol. 159, Feb. 6, pp. 64-67). 
A description is given of the reorganization of a machine- 
tool heat-treatment shop in which straight-line produc- 
tion and automatic devices were utilized to save time 
and labour and ensure uniformity of finished product.— 
C. O. 

Heat Treatment of Sheet Steel for Cold Pressing. 
T. Yourtaieff. (Sheet Metal Industries, 1946, vol. 23, 
Nov., pp. 2116-2124 ; Dec., pp. 2329-2334 ; 1947, vol. 24, 
Jan., pp. 85-89). A description is given of an investiga- 
tion of the industrial heat-treatment of cold-worked 
low-carbon steel sheet. The structure and the mechanical 
and physical properties were determined for basic- 
Bessemer rimming and killed steel sheets subjected to 
various rates of heating and cooling, times of soaking, 
and special treatments such as partial annealing.—c. o. 

A Practical Approach to Cold Treatment of Steel. 
O. E. Brown. (Materials and Methods, 1946, vol. 24, 
Dec., pp. 1445-1449). Simple tests with a file and a 
hardness-testing machine are described for determining 
the suitability of hardened steel parts for treatment at 
sub-zero temperatures. Benefit is derived from cold- 
treatment when retained austenite or ferrite super- 
saturated with carbon is present.—c. 0. 

Induction Hardening of Steel. D. L. Martin and R. A. 
Gehr. (Steel, 1947, vol. 120, Jan. 13, pp. 78-81, 114-115 ; 
Jan. 20, pp. 74-78; Jan. 27, 78-89, 107; Feb. 3, pp. 
100-101, 148-156; Feb. 10, pp. 96-97, 132-142). The 
factors which determine the possibility of successfully 
using induction heating for hardening steel are discussed, 
with a simple mathematical treatment of the depth of 
heating and power input. The second part of the article 
deals with the design of coils and the selection of quench- 
ing equipment. In the third part production fixtures 
which ensure uniformity of product are described and 
the theory of hardening is discussed. Martensite forma- 
tion, the influence of alloys on hardenability, martensite 
tempering, internal stresses, and quenching cracks are 
dealt with in the fourth part, and finally case depth and 
the factors influencing it are discussed.—c. 0. 

Principles of Induction Heating. A. L. Simmons. 
(Australian Institute of Metals: Australasian Engineer, 
1946, Nov. 7, pp. 35-43). The principles and applications 
of the induction heating of steel are simply explained. 
—C. 0. 

Induction and Dielectric Heating. K. Pinder. (Electri- 
cal Engineering, 1947, vol. 66, Feb., pp. 149-160). The 
fundamental principles of induction and dielectric heating 
are explained and formule for calculating the dimensions 
of the coils and the characteristics of the current to 
produce certain heating effects are presented and various 
types of apparatus are described in detail.—Rr. a. R. 

High Frequency Heating. (British Intelligence Objec- 
tives Sub-Committee, 1947, Final Report No. 866: H.M. 
Stationery Office). Brief reports on visits to 18 German 
firms making or using high-frequency induction or 
dielectric heating apparatus are presented. Two tech- 
niques for hardening gear teeth are described.—R. A. R. 

Case Hardening Wrist Pins with Induction Heat. T. E. 
Lloyd. (Iron Age, 1947, vol. 159, Jan. 30, pp. 54-56). 
The relative advantages of case-hardening small cylin- 
drical steel wrist and piston pins by the conventional 
carburizing process and by induction heating are 
discussed. A newly designed 20-kW., 450-kilocycle 
radio-frequency induction-heating unit enables wrist pins 
2-75 in. long to be hardened at the rate of 1000/hr.—c. o. 

Electric Induction Heating and Magnetic Crack Detec- 
tion Apparatus. F. Christensen. (Svetsaren, 1946, vol. 11, 
July—Sept., pp. 64-83). (In Swedish). After an explana- 
tion of the principles of induction heating, descriptions 
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are given of equipment for the induction hardening of 
automobile-engine crankshafts, for detecting cracks by 
the magnetic-powder method, and for demagnetizing 
parts after magnetic inspection.—Rr. A. R. 

Attempts to Accelerate the Nitriding of Steel. (Engineer, 
1947, vol. 183, Mar. 7, p. 194). Work on methods of 
accelerating the nitriding of steel is reviewed with special 
reference to papers by E. Kunze and by H. Bennek and 
O. Riidiger (see Journ. I. and S.I., 1946, No. I, 
p. 7A).—R.A.R. 

Continuous Strip Annealing. E. J. Seabold. (Iron and 
Steel Engineer, 1946, vol. 23, Dec., pp. 74-83). An 
electric heat-exchange furnace for strand annealing is 
described which incorporates an improved cycle of heat- 
treatment and in which the thermal efficiency is increased 
by heat-exchange between the strip leaving the furnace 
and that entering. An important advantage of this type 
of furnace is the slow initial cooling rate from the 
maximum temperature to about 900° F. It is claimed 
that the design permits the recovery of about 45% of 
the heat imparted to the strip and that electric power 
may be utilized at an overall cost not exceeding that of 
conventional batch-annealing.—J. R. 

Variable Size Stress-Relieving Furnace. (Iron and Coal 
Trades Review, 1947, vol. 154, Mar. 7, pp. 370-372). A 
description is given of a stress-relieving furnace for 
welded pressure vessels. The internal dimensions are 
15 ft. x 15 ft. 3 in. x 47 ft. long, but there are two 
other positions where the door can be fitted so that the 
length can be reduced to either 30 or 15 ft., thus reducing 
the heating times and costs for smaller vessels.—R. A. R. 

Production Carburizing. L. F. Spencer. (Steel Pro- 
cessing, 1946, vol. 32, Dec., pp. 797-801 ; 1947, vol. 33, 
Jan., pp. 43-50). A summary is given of the types of 
steels suitable for carburizing. The processes of pack, 
liquid, and gas carburization are described separately 
in detail.—c. o. 

Transformations on Hardening Steel. ©. Bjérkman. 
(Teknisk Tidskrift, 1947, vol. 77, Mar. 8, pp. 225-232). 
(In Swedish). In this review the transformations occur- 
ring during the heat-treatment of steel are explained by 
reference to the iron-carbon and _ time-temperature- 
transformation diagrams.—R. A. R. 

An Electron Diffraction Study of Oxide Films Formed 
on Iron, Cobalt, Nickel, Chromium and Copper at High 
Temperatures. E. A. Gulbransen and J. W. Hickman. 
(American Institute of Mining and Metallurgical Engi- 
neers, Technical Publication No. 2068: Metals Techno- 
logy, 1946, vol. 13, Oct.). The literature on the study 
of the oxidation of iron, cobalt, nickel, chromium, and 
copper by electron-diffraction is reviewed. The appara- 
tus, preparation of specimens, experimental procedures, 
and interpretation of the data obtained during the 
authors’ investigations are discussed. The oxidation of 
iron was studied under varying atmospheric and tempera- 
ture conditions, and degrees of surface preparation. 
Three lattice transitions take place during the oxidation 
of iron: (1) y-Fe,O; to a-Fe,O, at 225° C.; (2) «-Fe,O; 
to Fe,0O, at 225-450°C.; and (3) Fe,0, to FeO at 
450-550° C. No lattice transitions were observed in the 
films on nickel, chromium, and copper, but the change 
Co,0——CoO took place in cobalt oxide films at 400- 
600° C. Crystal growth occurred in preferred orientations 
in all the oxide films studied.—c. o. 

An Electron Diffraction Study of Oxide Films Formed 
on Alloys of Iron, Cobalt, Nickel and Chromium at High 
Temperatures. E. A. Gulbransen and J. W. Hickman. 
(American Institute of Mining and Metallurgical Engi- 
neers, Technical Publication No. 2069 ; Metals Techno- 
logy, 1946, vol. 13, Oct.). An account is given of a 
study, using electron-diffraction reflection methods, of 
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the structure of the oxide films formed on typical 
commercial alloys of iron, cobalt, nickel, and chromium 
in contact with oxygen at temperatures between 300° C. 
and 700° C. for varying times. The regions of existence 
of each oxide found in the chemical structures were 
determined as functions of time and temperature of 
oxidation. The conclusions reached were: (1) Iron and 
chromium ions diffuse more readily to the surface than 
the other metal ions ; (2) the oxide NiO is never observed 
on the surface of nickel alloys ; (3) the oxide CoO appears 
only at low temperatures ; and (4) with the exception 
of iron and chromium, metals that constitute less than 
5% of an alloy do not occur as simple oxides on its 
surface. The calculated lattice parameters for oxides 
with cubic lattices differed from those measured in bulk 
samples by X-ray methods. The parameters were 
independent of time of oxidation, but in certain alloys 
were dependent on the temperature of the reaction. The 
protective and refractory alloys did not form any unique 
lattice structures.—c. 0. 


ROLLING-MILL PRACTICE 


General Principles in the Hot-Rolling of Steel and 
Progress in Their Practical Application. M. G. Grenier. 
(Mémoires de la Société des Ingénieurs Civils de France, 
1945, vol. 98, June—July—Aug., pp. 245-278). The hot- 
rolling of steel is reviewed with special reference to the 
design of the side-frames and the materials used for the 
side-frames and rolls, the deformation and flow of the 
steel between the rolls, the calibration of rolls, and the 
entry and exit guides.—R. A. R. 

Some Observations on Rolling Bearing Technique. 
R. K. Allan. (Journal of the Institution of Production 
Engineers, 1947, vol. 26, Jan., pp. 5-24). A survey is 
made of certain bearing characteristics of practical 
significance and reference is made to recent developments 
in bearing practice.—R. E. 

Whits-Metal Bearings Applied to Hot-Steel Rolling 
Mills. J. M. Borland. (Journal of the Iron and Steel 
Institute, 1947, vol. 155, Apr., pp. 593-597). The design 
and performance of white-metal bearings for the rolls of 
blooming, slabbing, plate and section mills are discussed 
in the light of experience with bearings which have operated 
under all manner of conditions. The grease lubricant 
and three types of automatic pressure-feed grease- 
pumping systems are described.—R. A. R. 

Roller Bearings. L. R. Pearson. (Journal of the Iron 
and Steel Institute, 1947, vol. 155, Apr., pp. 597-602). 
Experience obtained with roller bearings for the back-up 
end work rolls in the four-high stands of the wide strip 
mills at Ebbw Vale is discussed with data on the costs, 
tonnages rolled, and causes of failure.—R. A. R. 


Synthetic-Resin Bearings. F. W. Jones. (Journal of 
the Iron and Steel Institute, 1947, vol. 155, Apr., pp. 
602-606). Details are given of the construction of and 
the results obtained with synthetic-resin bearings in a 
21-in. light-section mill and a 40-in. blooming mill. 
Comparisons are made between the costs and lives of 
bronze and synthetic-resin bearings. In addition to 
savings in the cost of lubrication, the reduced friction 
of the synthetic-resin bearings lowered the power 
consumption of the blooming mill by 19% per ton of 
steel rolled.—Rr. A. R. 

Oil-Film-Type Bearings. G. R. Walshaw. (Journal of the 
Iron and Steel Institute, 1947, vol. 155, Apr., pp. 
606-608). A description is given of the Morgoil-type 
sleeve bearings on the backing rolls of a 7-ft. plate mill. 
These rolls have tapered necks 303 in. long, 303 in. dia. 
at one end and 258 in. at the other. The total life of 
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the first set of bearings, without re-metalling, was 214 
weeks in which over 370,000 tons were rolled. The 
capital and maintenance costs spread over seven years 
amounted to 3-6d. and 4-73d. per ton respectively. 
—R. A. R. 

New 56 in. Continuous Hot Strip Mill. C. J. Porter. 
(Iron and Steel Engineer, 1946, vol. 23, Dec., pp. 55-60). 
Details are given of the design and operation of a 56-in. 
continuous hot-strip mill and its equipment, recently 
installed at the works of the Steel Company of Canada, 
Ltd. (See Journ. I. and §S.I., 1942, No. II, p. 1374).—J. R. 

Electrical Control for the New 56 in. Continuous Hot 
Strip Mill, The Steel Company of Canada, Ltd. D. C. 
McCrady and W. J. Shortall. (Iron and Steel Engineer, 
1947, vol. 24, Jan., pp. 110-116). Details are given of the 
electrical machinery of a 56-in. continuous hot-strip 
mill (see preceding abstract) and its ancillary equipment. 
The principal feature is the extensive use of rotating- 
regulator or *“‘ amplidyne ”’ controls.—c. o. 

Investigation of the Wear of Rolls during the Hot- 
Rolling of Wire and Strip. R. Tosterud and E. Stenfors. 
(Iron and Steel Institute, 1947, Translation Series, 
No. 301). This is an English translation of a paper which 
appeared in Jernkontorets Annaler, 1946, vol. 30, No. 6, 
pp. 213-238. (See Journ. I. and S.I., 1946. No. II, p. 
72Aa).—D. R. S. 

The Manufacture of Seamless Tubes and Pressure 
Vessels. (Engineering and Boiler House Review, 1946, 
vol. 61, Dec., pp. 176-181 ; 1947, vol. 62, Jan., pp. 7-13). 
A brief account is given of the history of seamless-tube 
manufacture, with illustrations and descriptions of the 
Mannesmann, Pilger, Stiefel, and ‘‘ push-bench”’ pro- 
cesses. The second part of the article contains 
descriptions of the techniques used in the seamless 
hollow-forging of steel boiler drums and chemical vessels, 
and of the Roeckner mill. The latter is a machine for 
the rolling of large pressure vessels. The walls of a 
hollow ingot are thinned by rotation in a system of 
peripherally-arranged sets of inner and outer rolls of 
special contour.—c. 0. 

Variable Voltage Drives for Blooming Mill Tables and 
Feed Rolls. Z. W. Whitehouse and A. F. Kenyon. 
(Steel, 1946, vol. 119, Dec. 30, pp. 92-96). Descriptions 
and illustrations are given of the recent installation of 
variable voltage drives for the tables and feed rolls of 
the 35-in. reversing blooming mill at the Canton, Ohio, 
plant of the Republic Steel Corporation. A separate 
generator is provided for each of the entry tables, entry 
feed rolls, delivery feed rolls, and delivery table drives. 
—c. O. 


WELDING AND FLAME-CUTTING 


Extruded Electrodes and Extrusion Presses. K. Gloor. 
(Elektroschweissung, 1941, vol. 12, Apr., pp. 53-58). 
The conditions necessary for obtaining homogeneous and 
concentric coatings on electrodes for are welding are 
discussed. Numerous tests with differently shaped 
extrusion nozzles and various positions of the extrusion 
piston were made. The ratio between extrusion pressure 
and nozzle diameter, and the flow of different coating 
mixtures were investigated. A description of a new type 
of extrusion press which incorporates the results of the 
investigations is given.—H. 0. Ww. 

The Rate of Deposition of Welding Electrodes and Its 
Application for Calculating Costs. J. Quadflieg. (Elektro- 
schweissung, 1941, vol. 12, Sept., pp. 150-154). In order 
to calculate the cost of a welding job the rate of deposi- 
tion of a particular electrode is required. This rate is 
easily obtained by a melting test which is described in 
detail. A number of useful diagrams and equations giving 
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the relationships between welding current, electrode 
diameter, melting time, and electrical energy consump- 
tion are given.—H. 0. w. 

The Formation of End-Craters in Arc-Welding. F. 
Bischof. (Elektroschweissung, 1941, vol. 12, June, pp. 
89-94). A general survey of the factors influencing the 
formation of end-craters is made. The surface tension 
of molten metals is investigated. It is shown that a 
low percentage of the alloying constituents can cause a 
decrease in the surface tension, but the absorption of gas 
in the molten bath and the intensity of gas segregation 
during the solidification has a much greater effect on 
the crater formation. The influence of hydrogen, 
nitrogen, chlorine, and carbon monoxide is discussed. 
—H. 0. w. 

Cam-Operated Flash-Butt Welding Machines for Mass 
Production. O. Génner. (Elektroschweissung, 1941, 
vol. 12, Nov., pp. 178-181). The design of cams for 
flash-butt-welding machines is considered. It is the 
cam which moves the sliding clamps and initiates the 
flashing and forging process. 
cams is difficult and advice is given on how to derive 
the proper shape for producing the required flashing and 
forging periods.—H. 0. w. 

The Design and Calculations for a Cam for a Flash- 
Butt- Welding Machine. E. Rietsch. (Elektroschweissung, 
1942, vol. 13, May, pp. 68-71). The author is of the 
opinion that the usual way of designing the cam for a 
butt-flash-welding machine by simply reproducing the 
time-travel diagram on the circumference of a circle is 
wrong. An improved method is described. The minimum 
cam diameter has an important bearing on the precision 
of the control and two formule for calculating this 
diameter are given.—H. 0. w. 

Timing Devices with Arc Rectifiers for Spot and Seam 
Welding Machines. R. Schnarz. (Elektroschweissung, 
1942, vol. 13, Apr., pp. 49-57). The timing equipment 
of resistance-welding machines consists of two parts, 
the actual timer with which the welding time and 
current can be pre-set, and the switching device for the 
welding current. Several timers and their functions are 
described and the advantages of mercury-arc rectifiers 
over mechanical contactors are pointed out.—Hn. oO. w. 

Testing of Welded Joints Made with the Elin-Hafergut 
Process. O. Graf and F. Munzinger. (Elektroschweissung, 
1941, vol. 12, Aug., pp. 125-135). The results of 
mechanical tests on welded joints made by the Elin- 
Hafergut process (see Journ. I. and S.I., 1939, No. II, 
p. 2744), are discussed. The tested joints, fillet and 
butt welds in steels St 37 and St 52 of varying thickness 
(1-5 to 30 mm.), were subjected to bending, tensile, and 
pulsating loads. The results show that welds made by 
this process are predominantly suitable for static loads. 
The tensile-test data for the whole range of samples were 
satisfactory whereas the results for pulsating tensile 

loads were not up to expectation.—n. Oo. w. 

Experience and Results Obtained with the Elin- 
Hafergut Process. W. Klougt. (Elektroschweissung, 
1942, vol. 13, Mar., pp. 33-37). A number of tests are 
described which were made in order to ascertain the 
practical value of this semi-automatic welding process 
(see preceding abstract). In addition to metallographic 
examination of the welds, tensile, bending, and fatigue 
tests were carried out. The results of the last-named were 
not very satisfactory, although the values increased with 
increasing plate thickness. It is therefore suggested that 
this type of welded joint is suitable for static loads only. 
The process showed no economic advantage compared 
with manual welding. It is suggested that the develop- 
ment of special electrodes may improve the quality of 
these welds.—4. 0. w. 
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Repairing the Boiler Drums at the Rheinhafen Power 
Station of Elektrizititswerke Strassburg A.G. by Arc 
Welding. W. Oehler. (Elektroschweissung, 1942, vol. 13, 
May, pp. 65-68). The successful repair by welding of 
the boiler equipment of one of Strassbourg’s power 
stations which had been blown up before the German 
advance is described. The repair was carried out by 
cutting out the damaged parts of the boiler drums and 
welding on patches. The steel in question was 40-48 mm. 
thick ; no post-heat-treatment was necessary.—H. 0. W. 

Heavy Gray Iron Castings—Welding. L. J. Larson. 
(American Foundryman, 1946, vol. 10, Dec., pp. 49-57). 
The repair of grey iron castings by arc, gas, bronze and 
thermit welding is described.—Rk. A. R. 

Development of Jacketed-Type Steel Drier Rolls. W. H. 
Funk. (Steel Processing, 1946, vol. 32, Dec., pp. 775- 
779, 791). The replacement of cast iron by welded steel 
in the construction of rolls for drying paper and similar 
materials is discussed.—c. 0. 

Fabricating Sheet Metal Parts of Jet Engines. H. A. 
Knight. (Materials and Methods, 1946, vol. 24, Dec., 
pp. 1461-1465). An account is given of the different 
welding techniques used in fabricating the various 
sheet-metal parts for a jet engine. The metals mainly 
used were four types of chromium-nickel stainless steel 
and Inconel.—c. o. 

Design Hints for the Welding Engineer. K. Jurczyk. 
(Elektroschweissung, 1941, vol. 12, Oct., pp. 157-162). 
Examples are given of good welding design applied to 
the construction of tanks, pressure vessels, and crane 
tracks.—R. A. R. 

Light-Weight Design of Machinery and Housings. 
H. Heitzer and F. W. Griese. (Elektroschweissung, 
1941, vol. 12, May, pp. 69-79). The authors show that 
the main factor governing the design of a fabricated 
component is not always the mechanical strength, but 
rigidity and resonance. By a few simple examples they 
show the application of the fundamental laws of mech- 
anics which lead in some cases to results which could 
not have been anticipated. Although the mere substitu- 
tion of a fabricated component for a casting may result 
in saving weight, the full advantage can only be obtained 
by redesigning for welding. Construction in cells offers 
the greatest advantage and several examples of this 
are shown.—H. 0. W. 

Expansion and Contraction—General Theory and Basic 
Control Procedures. R. B. Aitchison. (Welding Journal, 
1946, vol. 25, Dec., pp. 1195-1202). The general theory 
of the distortion resulting from the expansion or con- 
traction of metals restrained in one or more dimensions 
is simply explained. The application of this theory to 
practical problems in welding is illustrated by several 
examples.—c. 0. 

Flame Cutting Operating Data. A. F. Chouinard. 
(Welding Journal, 1946, vol. 25, Dec., pp. 1186-1188). 
Simple methods for determining the volume of oxygen 
and rate of torch travel required for cutting steel up to 
15-in. thick are explained. An example of the calculation 
of the saving in material brought about by “ nesting ”’ 
identical shapes to be cut from steel plate is illustrated. 
—C. 0. 

Flame Conditioning and Cutting of Stainless Steels. 
D. H. Fleming. (American Welding Society : Iron and 
Steel Engineer, 1947, vol. 24, Feb., pp. 84-86). Flame- 
cutting stainless steel by injecting a fluxing powder into 
the oxygen stream has already been described (see 
Journ. I. and S.I., 1946, No. II, p. 754). The flame- 
scarfing of stainless steel ingots by the same process is 
now described with data on the consumption of oxygen 
and powder.—R. A. R. 
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The Optimum Conditions for the Welding of Bridge 
Girders on Site. G. Bierett. (Elektroschweissung, 1941, 
vol. 12, June, pp. 94-101, July, pp. 114-118). This is 
a report of investigations carried out on eight welded 
bridges to obtain knowledge of the residual stresses set 
up in the girders during the welding on site of the butt 
joints and to ascertain the best conditions for this type 
of work.—4. oO. w. 

Resistance- Welding of Malleable Cast Iron to Mild 
Steel. E. Boehm-Esters. (Elektroschweissung, 1941, 
vol. 12, Oct., pp. 163-168). The article deals mainly 
with a metallographic investigation and mechanical tests 
of spot and butt welds between malleable cast iron and 
mild steel. The results obtained with spot welds were 
all unsatisfactory and cracks were observed in all test 
specimens because of the formation of martensite in the 
heat-affected zone. All the butt welds, on the other 
hand, were successful, showing neither cracks nor cavities 
in the fusion zone. It is pointed out that difficulties arise 
because of the varying quality of malleable cast iron. 

Contact Arcwelding. P. C. Van Der Willigen. (Iron 
Age, 1946, vol. 158, Dec. 12, pp. 58-62). See Journ. I. 
and 8.I., 1946, vol. IT, p. 135 a. 

The Unionmelt Welding Process. W. Rideker. (Stahl 
und Eisen, 1947, vol. 66-67, Jan. 30, pp. 42-48). The 
theory and practice of the Unionmelt welding process 
(called the ‘‘ Ellira’’ process in Germany) are discussed 
and details of tests relating the volume of metal deposited 
per minute to the current input and of rupture tests on 
welded vessels are given.—R. A. R. 

The Physical and Chemical Principles of the Ellira 
Process. H. Tannheim. (Elektroschweissung, 1942, 
vol. 13, Feb., pp. 17-24). The author discusses whether 
the Ellira (or Unionmelt) process is a resistance or an arc- 
welding process. Oscillographs of the voltage fluctuations 
and X-ray photographs of the process are reproduced and 
applied to show that this is a submerged-arc, not a 
resistance, process.—R. A. R. . 

Welding of Heavy Plates with the Ellira Process. 
H. Aureden. (Elektroschweissung, 1941, vol. 12, Sept., 
pp. 141-150). After a description of the Unionmelt 
process (called the Ellira process in Germany), various 
edge-preparations for heavy plates are described. Mecha- 
nical test data obtained on steels of different compositions 
are published ; these are not superior to the results 
obtained in England or the United States. The process 
ceases to be economic when the plates are less than 
3-in. thick, and the efficiency increases with the thickness 
above this size.—H. 0. W. 

Driving Shaft of a Rolling Mill Repaired by Arc Weld- 
ing. A. Schmidt. (Elektroschweissung, 1941, vol. 12, 
Feb., pp. 17-19). Two fractured driving shafts of a 
rolling mill were successfully repaired in three days by 
are welding. The material was a 0:51% carbon steel. 
The shaft at the fracture had a diameter of 490 mm. 
The two pieces were first coated with a layer of weld 
material before welding them together.—n. 0. w. 

A Remarkable Welding Job on Cast Iron without 
Preheating. A. Winkel. (Elektroschweissung, 1941, 
vol. 12, Nov., pp. 182-184). The cast-iron frame of 
a 160-ton spindle press was successfully repaired by 
welding without preheating. Apart from welding the 
actual crack, a number of flat mild-steel bars were 
welded to the frame in such a way as to reduce the 
shrinkage stresses as far as possible.—n. 0. w. 

Repairing Broken Springs on Army Vehicles. R. 
Schumacher. (Elektroschweissung, 1942, vol. 13, Mar., 
pp. 45-46). In order to cope with the great number of 
broken leaf springs during the Russian campaign are 
welding was successfully used. The broken ends were 
prepared by gas cutting and a double-V weld was made 
with subsequent peening and heat-treatment.—H. 0. w. 
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POWDER METALLURGY 


Latest Trends in Powder Metallurgy. W. G. Cass 
(Chemical Age, 1947, vol. 61, Jan. 4, pp. 5-10; Feb. 1, 
pp. 199-202). In the first part of the article the history 
of powder metallurgy is outlined. With numerous 
references to recent literature and patents, a summary is 
given of recent developments in the preparation of 
powders and subsequent processing. In the second part 
particular reference is made to metallic hydrides and 
powders of the rare metals.—c. 0. 

Powder Metallurgy. B. E. Berry. (Metallen, 1947, 
vol. 1, Jan., pp. 77-84). The history of the development 
of the powder-metallurgy process is described.—k. A. R. 

Current Problems in Powder Metallurgy. F. Eisenkolb. 
(Technik, 1946, vol. 1, Oct. 4, pp. 173-177). The position 
reached in the development of powder metallurgy is 
reviewed. The Hametag process is briefly described ; 
the raw material for this is prepared by the mechanical 
crushing of wire and sheet-metal scrap so that waste 
from stamping shops is a cheap source of supply.—R. A. RB. 

The Work of Hiittig and Collaborators on the Mechanism 
of Sintering. W. D. Jones. (Metal Treatment, 1946, 
vol. 13, Winter Issue, pp. 265-278). During the war 
years, 1939-45, G. F. Hiittig, J. Hampel, K. Arnestad. 
W. Hennig, and T. Freitag began an extensive systematic 
investigation of the changes taking place when metal 
powders are heated at increasing temperatures. X-ray 
diffraction, adsorption, pycnometric, microscopical, and 
potentiometric methods of analysis were used. Thirteen 
of the papers written on this work which have appeared 
in German journals are briefly reviewed.—c. 0. 

Effect of Particle Size on Iron Powder Properties. 
J. F. Kuzmick, J. D. Shaw, C. L. Clark, T. W. Frank, 
W. V. Knopp, and A. S. Margolies. (Iron Age, 1946, 
vol. 158, Dec. 5, pp. 72-76; Dec. 12, pp. 76-80). A 
report is given of tests on the effect of particle size on 
the properties of commercial reduced-oxide and electro- 
lytic-iron powders and powder compacts. The results 
are presented in a series of tables and graphs. It is 
concluded that particle size has little effect on the 
hardness, green density, and sintered density of powder 
compacts, but the apparent density, relative flow, and 
loss of weight of powders, and the compressibility ratio, 
dimensional change on sintering, and tensile strength 
of compacts are materially influenced.—c. o. 

The Compressibility of Iron Powders. F. Eisenkolb. 
(Stahl und Eisen, 1947, vol. 66-67, Feb. 27, pp. 78-82). 
The properties of iron powders prepared by mechanical, 
reducing, and electrolytic processes and their suitability 
for powder-metallurgy processes are compared. ‘Two 
factors for comparing powders are introduced ; these 
are (a) the lower limit of compressibility, 7.e., the lowest 
pressure required to produce a compact which will not 
crumble when the pressure is removed, and (6) the 
gravity-pressure factor, obtained by dividing the weight 
of the compact by the lower limit of compressibility .— 
hy Oy 

Phenomena in the Pressing of Metal Powders. H. 
Unckel. (Iron and Steel Institute, 1947, Translation 
Series, No. 305). This is an English translation of a paper 
which was published in Archiv fiir das Eisenhiittenwesen, 
1945, vol. 18, Jan._Feb., pp. 161-167. (See Journ. I. 
and §.I., 1945, No. IT, p. 314).—-p. RB. Ss. 

Metal Powders (Sintered). (British Intelligence Objec- 
tives Sub-Committee, 1947, Final Report No. 706 : H.M. 
Stationery Office). This report contains the results of 
investigations of the methods and equipment employed 
in Germany for the manufacture of non-ferrous and 
ferrous metal powders and the fabrication of components 
from these powders. The German output of iron powder 
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was expanded considerably during the war because of 


the need for replacing copper in shell driving bands, 
bearings, and similar parts. The bulk of the production 
was by the Hametag mechanical crushing process, but 
other methods used were electrolytic deposition, atomiza- 
tion by the Kaufmann Disc and Mannesmann processes, 
the reduction of mill scale, and the Swedish sponge-iron 
process. A great deal of research work has been carried 
out on the physical and chemical problems involved in 
the manipulation and fabrication of powdered iron, but 
in every plant investigated the standard of production 
technique and equipment (with the possible exception of 
sintering furnaces) was below that reached in the United 
States and the United Kingdom. 

A comprehensive account is given of the only plant 
producing copper powder on a large scale, the Nord- 
deutsche Affinerie at Hamburg, where electrolytic 
methods were used to make 149 tons of powder in 
1943/44. The only other non-ferrous powder produced 
in appreciable amounts was mechanically stamped flake 
aluminium, the output of which reached 24,000 tons, 
annum.—C. 0. 

Iron Powder—Notes on German Production Methods 
at Diisseldorfer Eisenhiittengesellschaft, and Deutsche 
Eisenwerke. (British Intelligence Objectives Sub- 
Committee, 1947, Final Report No. 860 : H.M. Stationery 
Office). An account is given of the German wartime 
production of sintered-iron-powder driving bands for 
projectiles and the peacetime production of bearings 
and machine parts. The five methods used for preparing 
the iron powder mentioned are: (1) The Hametag, in 
which mild steel is mechanically pulverized in a mill ; 
(2) the D.P.G., or Deutsche Pulvermet allurgische 
Gesellschaft, in which molten steel falls through a jet 
of water on to rotating blades ; (3) the Mannesmann, in 
which molten iron is pulverized by a jet of hot water ; 
(4) the Vogt, a Swedish sponge-iron process ; and (5) an 
iron-mill-scale reduction process.—c. 0. 

Manufacture of Products from Powdered Metals. 
(British Intelligence Objectives Sub-Committee, 1947, 
Final Report No. 908 : H.M. Stationery Office). A short 
account is given of the production in Germany of iron 
powder, from iron wire by the Hametag process, and 
from ‘molten steel by the Degussa process. Details are 
also given of the types of plant and the techniques used 
by German works producing driving bands for shells 
and small bearings by powder metallurgy.—c. o. 

Iron Cores. F. R. Hensel. (British Intelligence 
Objectives Sub-Committee, Apr., 1946, F.I.A.T. Final 
Report No. 792 : H.M. Stationery Office). Short descrip- 
tions are given of the practices followed by the German 
firms of Siemens and Halske A.G., Allgemeine Elektrici- 
tatsgesellschaft, and Vogt and Company, in the produc- 
tion from powders of high-frequency and Pupin iron 
cores for cables and magnets. In general, the methods 
were similar to those used in the United States, but of 
special interest were an extrusion process developed by 
Siemens, and the powder-mixing methods of the A.E.G. 
—C. O. 

Notes on Production of Cast and Sintered Alnico 
Magnets. (British Intelligence Objectives Sub-Commit- 
ae 1947, Final Report No. 993 : H.M. Stationery Office). 

AG Re 


PROPERTIES AND TESTS 
A Graphical Method of Rosette Analysis. K. J. Bossart 


and G. A. Brewer. (Proceedings of the Society for 
Experimental Stress Analysis, 1946, vol. 4, No. 1, pp. 
1-8). A description is given of a graphical method for 
use in conjunction with the equiangular strain rosette in 
solving the principal stresses and their angular position 
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with respect to known reference axes in a body subjected 
to two-dimensional stress. Mohr’s circle for stress is 
obtained by a simple construction which can be altered 
to allow for variations in Young’s modulus, Poisson's 
ratio, and the transverse sensitivity of wire strain 
gauges.—c. O. 

A Nomographic Solution to the Strain Rosette Equa- 
tions. T. A. Hewson. (Proceedings of the Society for 
Experimental Stress Analysis, 1946, vol. 4, No. 1, pp. 
9-19). A nomograph devised for the computation of the 
magnitudes and directions of the principal stresses and 
maximum shear stress from observations of a strain 
rosette on isotropic materials is presented. The method 
consists essentially of connecting data points on cali- 
brated scales by straight lines according to a specified 
procedure. The use of the nomograph reduces the time 
needed for the solution of a problem, and eliminates 
arithmetical errors.—c. 0. 

A Nomographic Rosette Computer. N. Grossman. 
(Proceedings of the — for Experimental Stress 
Analysis, 1946, vol. 4, No. 1, pp. 27-35). The use of 
nomographs and charts for ia nih maximum shear 
stresses and the magnitude and directions of principal 
stresses from rectangular and equiangular strain rosette 
readings is explained. The methods recommended by 
various authors are summarized briefly.—c. 0. 

Stress Study of a Fabricated Steam Chest. A. W. 
Brunot and W. G. Schmittner. (Proceedings of the 
Society for Experimental Stress Analysis, 1946, vol. 4 
No. 1, pp. 49-55). An account is given of tests performed 
on two fabricated steam chests for marine turbines. 
The chests were subjected to a hydraulic pressure of 
1200 lb./sq. in. (approximately twice their operating 
pressure), and the stresses in the walls, covers, and bolts 
were measured.—c. 0. 

New Portable Stress Analysis Equipment. C. M. Hatha- 
way. (Proceedings of the Society for Experimental 
Stress Analysis, 1946, vol. 4, No. 1, pp. 56-63). A detailed 
illustrated description is given of a small portable stress- 
analysis equipment consisting of a strain-gauge control 
unit, containing its own electrical power supply, and an 
oscillograph.—c. 0. 

Measurements of Residual Stresses in Torsion Bar 
Springs. H. O. Fuchs and R. L. Mattson. (Proceedings 
of the Society for Experimental Stress Analysis, 1946, 
vol. 4, No. 1, 64-71). An account is given of an investiga- 
tion into the effects of service conditions on the residual 
stresses in torsion bar springs. Torsional residual stresses 
were produced in the bars by prestressing to raise the 
apparent yield and fatigue strengths. The stresses 
remaining in the bars after subjection to various treat- 
ments were measured by the “feeling ’’ method. It 
was found that the residual stresses remain during 
normal service, but that they are reduced by shock 
loading.—c. 0. 

Residual Stress Indications in Brittle Lacquer. ©. W. 
Gadd. (Proceedings of the Society for Experimental 
Stress Analysis, 1946, vol. 4, No. 1, pp. 74-77). A short 
description is given of the use of brittle lacquer coatings 
in the study of residual stresses. The specimen being 
investigated is coated with lacquer before holes $ in. in 
dia. and 4-}in. in depth are bored at predetermined 
places. The relaxation of the stress about each hole 
produces a crack pattern characteristic of the type of 
stress existing in the area.—c. 0. 

Mechanical Strain Gage Technique of Separating Strains 
Due to Normal Forces and Bending Moments. A. U. 
Huggenberger. (Proceedings of the Society for Experi- 
mental Stress Analysis, 1946, vol. 4, No. 1, pp. 78-87). 
The theoretical bases of two methods for obtaining the 
bending component of the strain along one surface of a 
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beam or plate when only this one surface is accessible 
to strain-gauge measurements are explained. An example 
of the stress analysis of the bottom of a steam boiler by 
these methods is described.—c. 0. 

Impact on Prismatical Bars. T’. Davidson and J. H. 
Meier. (Proceedings of the Society for Experimental 
Stress Analysis, 1946, vol. 4, No. 1, pp. 88-111). An 
account is given of investigations into the effect of lateral 
deflection on the impact force of the long slender tools 
used in the percussion drilling of rock. Experiments 
with true scale models in the test unit which is described 
showed that when the impact force is concentric with the 
tool axis there is no appreciable loss of energy due to 
elastic buckling. Mathematical analyses of the observed 
performances are presented.—c. 0. 

The Stress Gage. R. E. Kern. (Proceedings of the 
Society for Experimental Stress Analysis, 1946, vol. 4, 
No. 1, pp. 124-129). The principles of the design of a 
stress gauge which combines the functions of the 
two orthogonally-mounted gauges normally used for 
determining the stresses in a surface subjected to two 
stresses are explained.—c. 0. 

Types of Strain Measuring Devices and Their Range 
of Utility. K. F. Smith. (Product Engineering, 1947, 
vol. 18, Jan., pp. 107-110). A summary is given of the 
characteristics and applications of numerous types of 
extensometers and strain gauges.—c. o. 

Photoelastic Stress Patterns Evaluate Stress Concentra- 
tion. W. M. Murray. (Product Engineering, 1946, vol. 17, 
pp. 134-136). Brief mention is made of the use of 
polarized light and transparent plastic models in the 
stress-analysis of engineering structures. Diagrams of 
typical patterns produced around a hole in a plate 
subjected to various conditions of bi-axial stress are 
reproduced.—c. 0. 

Deformation in Relation to Time, Pressure and 
Temperature. P. G. Nutting. (Journal of the Franklin 
Institute, 1946, vol. 242, Dec., pp. 449-458). Three 
distinct stages must be recognized in every deformation. 
First there is the instantaneous yield immediately 
following the application of force, necessarily adiabatic 
since there is no time to acquire or disperse heat energy. 
Next there is the slower yield approaching the third and 
final stage of rest or of steady flow. The linear logarith- 
mic relations between deformation and temperature 
and pressure, previously empirical, have been directly 
derived from the defining equations for compressibility 
and thermal expansivity and shown to apply to all three 
stages of every deformation. Gibbs’ thermodynamic 
potential function is shown to lead directly to simple and 
exact expressions for the energy of change of phase and 
of deformation within any one phase. The latter, a 
general equation of state, amounts to a simple relation 
between the four internal pressures. The derived 
deformation and energy functions are applied to some 
experimental data on steel tape which include thermal 
and relaxation observations. Thermodynamic relations 
governing both elastic and viscous behaviour are 
developed. Plastic behaviour involves both single-phase 
and multiple-phase applications of the second law. 
Precise thermal measurements should give the constants. 
—R. E. 

Variation of Longitudinal Residual Strain Through the 
Thickness of a 1-in. Unionmelt Weld. J. L. Meriam, 
F. Jonassen, and E. P. DeGarmo. (Welding Journal, 
1946, vol. 25, Dec., pp. 844-s-847-s). An account is 
given of an investigation of the residual longitudinal 
stresses at the centre and surface of a Unionmelt weld 
in l-in. plates. It was found that: (a) The residual 
longitudinal strain on the surfaces of the weld, measured 
by the ordinary relaxation method, is the same within 
experimental error as the average residual strain over the 
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weld thickness ; it can therefore be used in computing 
the average condition of stress; (b) the longitudinal 
residual strain in the centre of the weld was 42% higher 
than the average of the surface strains ; (c) the surface 
of the weld was in a state of low longitudinal compression 
in the as-welded condition ; and (d) there was a con- 
siderable change in longitudinal strain through the 
thickness of the weld.—c. o. 


METALLOGRAPHY 


Development of Metallography at the Newcastle Steel 
Works. H. W. Hosking. (B.H.P. Review, 1946, vol. 24, 
Dec., pp. 14-16). A short account is given of the develop- 
ment of the metallographic laboratory of the Newcastle 
Steel Works, New South Wales, since its establishment 
in 1915.—c. o. 

Research Laboratory Deutsche Edelstahlwerke A.G., 
Krefeld. (Combined Intelligence Objectives Sub-Com- 
mittee, 1947, File No. XXXI-47: H.M. Stationery 
Office). A short summary is given of the subjects being 
investigated at the research laboratory at Deutsche 
Edelstahlwerke, Krefeld, and of the apparatus installed 
there. Among the numerous documents found which 
are listed in the report are three concerned with the 
allocation of chromium and nickel to the various branches 
of the steel industry and to the armed forces.—c. 0. 


Modern Laboratory Geared to Production. (Steel, 1946, 
vol. 119, Dec. 30, pp. 64-66, 110). A description is given 
of the new metallurgical laboratory of the White Motor 
Company, Cleveland, Ohio, which is designed for the 
routine testing of all bar stock, forgings, and castings 
used in the works and also for special chemical and 
physical tests.—c. 0. 

The National Physical Laboratory of India. K. N. 
Mathur. (Nature, 1947, vol. 159, Feb. 8, pp. 184-186). 
The design and layout of the buildings of the Nationvl 
Physical Laboratory at New Delhi and its future 
duties and organization are outlined.—D. R. s. 

National Metallurgical Laboratory for India. (Metal- 
lurgia, 1946, vol. 35, Dec., pp. 61-62). The plans for the 
National Metallurgical Laboratory which is being built 
at Jamshedpur, India, are outlined.—c. o. 

The Structure and Appearance of Metal Surfaces. 
J. H. Nelson. (Electrodepositors’ Technical Society : 
Metal Treatment, 1946, vol. 13, Winter Issue, pp. 279- 
285). An account is given of the effect of surface defects 
of various magnitudes on the appearance of metallic 
objects. The classification of surfaces and the production 
of “ superfine ”’ finishes by the removal of the fragmented 
layer formed during normal grinding are also discussed. 
—c. O. 

Electron Microscopy. J. Hillier. (American Ceramic 
Society Bulletin, 1946, vol. 25, Nov. 15, pp. 438-445). 
The fundamental principles involved in the production 
of highly magnified images by means of the electron 
microscope are discussed briefly. The instrument enables 
information to be obtained about the size, shape, and 
organization of the structure of any material which can 
be prepared in sufficiently thin layers or which is adapt- 
able to the replica technique.—c. oO. 

Microradiography with Routine X-Ray Equipment. 
E. I. Salkovitz. (Metal Progress, 1946, vol. 50, Nov., 
pp- 1091-1096). The technique of producing micro- 
radiographs of very thin metal specimens using an 
ordinary 250 kV. X-ray unit is described.—c. o. 

X-Raying Turbine Parts. J. A. Pratt. (Steel, 1946, 
vol. 119, Dec. 23, pp. 60-61, 102). The equipment and 
techniques used by the Westinghouse Electrical Corpora- 
tion, Philadelphia, Pa., for radiographic examination are 
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described. The heavy steel castings which comprise the 
majority of the work are inspected with radiation from 
a 1000 kV. machine or in suitable cases from radium 
capsules ; a mobile 220-kV. X-ray machine is used for 
radiographing welded seams.—c. 0. i 

The Radiography of Spot Welds in Light Alloy and 
Ferrous Sheet Materials. KR. C. McMaster and F. C. 
Lindvall (Welding Journal, 1946, vol. 23, Sept., pp. 
851-860). Radiographs of spot welds in various light 
alloy, and low-carbon, zinc-coated, cadmium-plated, and 
stainless-steel sheets are reproduced. The images were 
obtained by irradiating the sheets with high-intensity, 
low-voltage X-rays, which were differentially absorbed 
because of : (1) Variations in the thickness of the sheets ; 
(2) variations in material composition or structure ; and 
(3) variations in the layers of cladding metals. Cracking 
and porosity in the weld metal, and extrusion of metal 
at the faying plane are welding defects which cause 
variations in thickness, and so are revealed in radio- 
graphs. The presence of layers of cladding metals with 
micrographic densities very different from the base metal 
increases the clarity of images.—c. o. 


Nondestructive Measurement of Residual and Enforced 
Stresses by Means of X-Ray Diffraction. I—Some 
Applications to Aircraft Problems. G. Sachs, C. 8. Smith, 
J. D. Lubahn, G. E. Davis, and L. J. Ebert. (Welding 
Journal, 1947, vol. 26, Jan., pp. 26-s—49-s). (For Part I 
of this paper, see Journ. I. and S.I., 1946, No. II, 
p- 1244). Tests on the use of X-ray diffraction methods 
for determining stress distribution on the surface of 
notched tensile test-bars and in the vicinity of welded 
joints in aircraft steel tubing are described. Data were 
obtained on the effects of stress and shape of notch on 
the principal stresses and stress-concentration factors 
for flat notched tensile-test pieces, and, in general, these 
confirmed previous analytical and photo-elastic deter- 
minations. It was found that X-ray techniques were of 
limited value for determining the direction and magni- 
tude of residual stresses in welds since the condition of 
the metal prevented accurate measurement of lattice 
parameters.—c. 0. 

Industrial X-Ray Equipment—In Memory of W. C. 
Rontgen and the Discovery of X-Rays. H. Verse. 
(Technik, 1946, vol. 1, Aug., pp. 72-80; Sept., pp. 
125-134). In honour of W. C. Réntgen, who announced 
the discovery of X-rays at a lecture just 50 years ago, 
the author presents a comprehensive account of modern 
applications of the rays for the study of metals, giving 
descriptions of the types of equipment used in different 
countries. A bibliography of 132 references is appended. 
—R.A.R. 

Equipment for X-Ray Crystallography. K. I. William- 
son. (New Zealand Journal of Science and Technology, 
B. General Section, 1946, vol. 27, Mar., pp. 393-397). 
A demcuntable continuously-evacuated X-ray tube with 
interchangeable targets is described. An outline of the 
full-wave-rectified circuit is given, together with a brief 
description of the pumping system. The voltage is 
variable from 0 to 70kV. and the current rating is 
15 milliamp.—R. E. 

The 20,000,000 Volt Betatron in Industrial Radiography. 
J.T. Wilson. (Steel Processing, 1946, vol. 32, Dec., pp. 
780-781, 791). The characteristics of the radiation 
obtained from a 20,000,000-volt betatron are discussed 
with reference to their application in industry. The 
betatron combines the advantages of being practical and 
economical in its construction with a high yield of 
energy in the range useful to the radiographer. The 
small area of the focal spot and the narrowness of the 
beam of radiation make possible a very high order of 
definition in radiographs.—c. 0. 
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20-Million-Volt Betatron. (Steel, 1946, vol. 119, Nov. 
25, pp. 68-69, 92) : 20-Million- Volt Betatron for Industrial 
Radiography. (Iron Age, vol. 158, Nov. 21, pp. 60-61). 
A general account is given of the operation of a twenty- 
million-volt betatron constructed at Picatinny Arsenal. 
It is considered that the betatron may compete economi- 
cally with the one- or two-million-volt X-ray equipment 
in the examination of thick sections of steel.—c. 0. 


CORROSION 


Testing Acid-Resisting Steels for Their Resistance to 
Intercrystalline Corrosion. S. Plankensteiner. (Industrie 
und Technik, 1947, vol. 2, No. 1, pp. 16-20). After a 
brief discussion of the causes of inter-crystalline corrosion 
and the methods of preventing it, an investigation of the 
resistance of austenitic chromium-nickel and chromium-— 
nickel-molybdenum steels to attack by boiling solutions 
of copper sulphate in sulphuric acid is described. Data 
on the effects of the tempering time and temperature on 
the corrosion resistance are given. Attempts were made 
to find a solution which would reduce the time of 
immersion required for Hatfield’s solution (7.e., 72 hr.). 
It was found that 0-5% sulphuric acid by itself produced 
surfaces in 24 hr. from which the corrosion resistance 
could be determined.—R. A. R. 

The Mechanism of Corrosion-Fatigue of Mild Steel. 
U. R. Evans and M. Tchorabdji Simnad. (Proceedings 
of the Royal Society, 1947, Series A, vol. 188, Feb. 11, 
pp. 372-392). The object of this research was to establish 
the mechanism of corrosion-fatigue by the aid of chemical 
and electrochemical measurements, with special reference 
to the possibility of preventing corrosion-fatigue by 
means of cathodic currents. The specimens were mild 
steel wires (carbon 0-19%) 15 in. long by 0-1 in. in dia. 

Two-stage tests, in which corrosion by a chloride 
solution was allowed to occur only in the first stage, on 
such steel specimens subjected to alternating stress, 
indicated that, as the first stage was prolonged, the total 
life, at first immeasurably long, became extremely short 
and then increased again. This unexpected increase in 
total life produced by an extension of the corrosion 
period is explained by the fact that isolated cracks 
produce more stress intensification than a number of 
neighbouring cracks. 

The application of a cathodic current diminishes the 
rate of production of iron compounds and the number 
of cracks ; weak cathodic currents actually shorten the 
life, but still stronger ones increase it again. This can 
be explained in two ways: (1) For a given depth, few 
cracks cause more weakening than many; (2) for a 
given amount of corrosion, an increased number of cracks 
means shallower cracking and hence less damage. At a 
certain current value corrosion becomes undetectable, 
and the life becomes extremely long in neutral potassium 
ehloride (but not in acid); the value of the current 
needed for this complete protection increases with the 
stress range, but the value of the potential corresponding 
to the protective current moves steadily lower, 7.e., in 
the direction of zinc, with applied stress. 

At least three different factors operate in causing 
alternating stress to enhance the rate of corrosion and 
the rate of mechanical damage : (a) Diminution of cath- 
odic polarization ; (b) diminution of anodic polarization ; 
(c) diminution of the resistance of the path joining 
anodes and cathodes. There may also be (d) a bodily 
shift of the anodic polarization curve in the _ base- 
metal direction. 

Studies of the shift of potential with time in the 
presence of different types of stress indicate that stressing 
within the elastic range only affects the potential by 
altering the state of repair of the film covering the surface. 


JOURNAL OF THE IRON AND STEEL INSTITUTE 








318 


It is likely that stresses within the plastic range depress 
the potential of the metal itself, irrespective of any 
damage to a film.—A. E. c. 

The Electrochemistry of Corrosion Fatigue. U. R. 
Evans. (Symposium on the Failure of Metals by Fatigue, 
University of Melbourne, Dec., 1946, Preprint No. 8). 

Rubber Linings Protect Steel against Corrosion and 
Abrasion. O. 8. True. (Product Engineering, 1947, vol. 
18, Jan., pp. 142-148). The use of rubber for protecting 
iron and steel surfaces from corrosion by chemical liquids 
and gases is discussed. At temperatures below 180° F., 
rubber is resistant to almost all chemicals except oxidiz- 
ing acids and aliphatic and aromatic hydrocarbons. 
Surfaces to be coated or lined with rubber should be 
free from irregularities. For equipment such as tanks, 
pipes, fans, and pumps, welded construction is most 
suitable.—c. o. 

Corrosion Failure in Diesel Engines. Bearing Materials 
—Rust Preventives and Corrosion Inhibitors. I. C. de 
de Martonfalvy. (Mechanical World, 1946, vol. 120, 
Nov. 8, pp. 531-533). A brief summary is given of the 
bearing metals used in modern Diesel engines, and of the 
development of rust and corrosion inhibitors as additives 
to lubricating oils.—c. o. 

Corrosion. D. H. Garside. (Industrial Heating 
Engineer, 1947, vol. 9, Mar., pp. 47-57). The chemistry 
and causes of corrosion are discussed. Methods of 
prevention and treatment are described, with particular 
reference to the corrosion of pipes and ducts, and a short 
summary is given of the corrosion-resisting properties of 
various metals.—G. ©. J. 

Economics of Pipeline Protection. W. R. Schneider. 
(Journal of the American Waterworks Association, 1947, 
vol. 39, Feb., pp. 143-146). .Soil corrosion of steel pipe- 
lines may be reduced in four ways: (a) Relocating the 
line, (0) installing insulating couplings at suitably chosen 
points, (c) reconditioning and wrapping the line, and 
(d) cathodic protection. The costs of these are compared, 
and it is deduced that, where practicable, cathodic 
protection is the most economical.—m. A. v. 


ANALYSIS 


An Aliquot Procedure for Steel Analysis Using Colori- 
metric Methods. H. Seaman and W.S. Levine. (Chemist 
Analyst, 1946, vol. 35, Dec., pp. 78-80). Modifications of 
standard colorimetric methods for phosphorus, mangan- 
ese, copper, nickel, chromium, vanadium, and molyb- 
denum are described. These enable these elements to 
be determined in aliquot parts of the filtrate from the 
silica residue obtained by the perchloric-acid method.— 
D.R.S. 

Investigations on Colorimetric Methods of Metal- 
lurgical Analysis—A Simple Visual Method for the 
Colorimetric Estimation of Molybdenum in Alloy Steels. 
G. V.L. N. Murty. (Indian Science Congress : Metallurgia, 
1947, vol. 35, Jan., pp. 167-168). A simple visual colori- 
metric procedure, based on Vaughan’s photo-electric 
method, for the estimation of molybdenum in alloy 
steels is described. Recorded results show that the 
accuracy of the method, which is rapid and convenient 
for routine analysis, compares favourably with gravi- 
metric and photo-electric procedures.—c. 0. 

Modified Colorimetric Determination of Chromium in 
Ferrous Materials. E. H. Baker. (Foundry, 1947, vol. 
75, Jan., pp. 92, 182). A modification of the Garratt 
and Mellan method for determining chromium is 
described. The ferrous-metal sample is dissolved in a 
mixture of perchloric and nitric acids, boiled, and re- 
oxidized with an aqueous solution of potassium chlorate. 
Silica is filtered off, the pH adjusted, and the chromium 
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estimated colorimetrically using sodium-1, 8~—dihy. 
droxinaphthalene-3, 6—disulphonate as_ the colouring 
reagent. The complete analysis takes 25 min.—c. 0. 


Qualitative Methods for Nickel Chromium, and 
Molybdenum in Low-Alloy Steels. R. L. Mays. (Chemist 
Analyst, 1946, vol. 35, Sept., pp. 62-63). Rapid reliable 
methods for the detection of nickel, chromium, and 
molybdenum in low-alloy steels, requiring a sample 
weight of only 0-075 g., are described in detail.—D. R. s. 

Determination of Nickel in Cobalt Steels and Alloys, 
H. Kirtchik. (Analytical Chemistry, 1947, vol. 19, 
Feb., pp. 95-96). A modification of the cyanide method 
for separating nickel and cobalt is suggested ; it enables 
0-05-30% of nickel in steels and other alloys containing 
up to 60% of cobalt to be determined. The analysis 
may be finished gravimetrically or volumetrically. 
Other common alloying elements do not interfere.— 
Ds RB: 

A Compound Method for the Absorptiometric Analysis 
of High and Super High-Speed Steels. F. E. Eborall. 
(Metallurgia, 1946, vol. 35, Dec., pp. 104-106). A method 
of analysing high and super-high-speed steels using the 
Spekker absorptiometer is outlined. The tungsten is 
separated using sodium nitrate as the oxidizing reagent. 
The molybdenum and vanadium absorbed with the 
precipitate are determined separately. The cobalt, 
chromium, vanadium, nickel, molybdenum, and manga- 
nese are determined from one weighed sample, by the 
usual methods.—c. 0. 

Alloy Steel Analysis—Quantitative Determination of 
Heavy Metal Oxinates. W.G. Cass. (Chemical Age, 1946, 
vol. 55, Dec. 7, pp. 709-712). Methods of determining 
the oxinates of tungsten, vanadium, and molybdenum in 
alloy steels are described.—c. 0. 

Determination of Titanium Nitride in Ferroalloys. L. 
Silverman. (Iron Age, 1947, vol. 159, Feb. 6, pp. 68, 153). 
Procedures are outlined for the determination of titanium 
nitride in ferro-alloys, qualitatively by X-ray diffraction 
and quantitatively by colorimetric analysis.—c.o. 

A New Scheme for the Microchemical Analysis of 
Ferrous Alloys. E. J. Vaughan and C. Whalley. (Journal 
of the Iron and Steel Institute, 1947, vol. 155, Apr., 
pp. 535-562). The paper describes the development of 
accurate microchemical methods of analysis for extremely 
small samples of steels and other ferrous alloys. Use is 
made of absorptiometric methods wherever possible 
to complete the determinations, and chemical separations 
are reduced to the absolute minimum. Precise conditions 
for the individual determinations of the elements 
carbon, silicon, phosphorus, sulphur, manganese, nickel, 
molybdenum, chromium, vanadium, cobalt, copper, 
tungsten, titanium, and iron are given in full, and, by 
the application of these methods, the analysis of most 
types of ferrous alloys can be carried out on a sample 
weight of 80 mg.—R. A. R. 

The Direct Determination of Oxygen in Coal. C. EF. 
Spooner. (Fuel in Science and Practice, 1947, vol. 26, 
Jan.—Feb., pp. 15-23). The theory underlying the 
determination of oxygen in coal is discussed at length, 
and a detailed description is given of the method evolved 
by the author, in which the products of the thermal 
decomposition of coal in the absence of air at 1200° C. 
are passed over heated charcoal at 1200° C. The oxygen 
in the coal is thus converted into carbon monoxide, 
which is oxidized catalytically by Hopcalite, a mixture 
of metallic oxides, to carbon dioxide. This is determined 
by absorption in a tared soda-asbestos tube.—c. 0. 

The “Bone and Wheeler” Gas Analysis Apparatus. 
L. J. Edgecombe. (Fuel in Science and Practice, 1946, 
vol. 25, Nov.—Dec., pp. 163-177). A detailed description 
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is given of tha coastruction and operation of the modified 
“Bone and Wheeler” constant-volume gas-analysis 
apparatus used at the Fuel Research Station, Greenwich. 
—O. 0. 

The Determination of Oxides of Sulphur in Flue Gas. 
E. W. F. Gillham. (Journal of the Society of Chemical 
Industry, 1946, vol. 65, Nov. pp. 370-372). The limit- 
ations of existing methods of testing for sulphur dioxide 
and sulphur trioxide are discussed, and a new method 
proposed whereby these constituents are absorbed 
under acid conditions. By absorption of sulphur trioxide 
in distilled water, absorption and subsequent oxidation 
of the dioxide are minimized, with a corresponding 
increase in accuracy; sulphur dioxide is absorbed in 
hydrogen peroxide after removal of the trioxide. After 
absorption, the acidities of the absorbents are determined 
before and after oxidation ; the sulphur contents are 
determined directly by the palmitate method. Some 
typical results obtained by new and old methods are 
tabulated.—R. A. R. 

Rapid Determination of Ale03, Ti0s and Fee0z3 in Clays, 
Firebricks, etc. J. A. Cashmore and K. W. Cowling. 
(Transactions of the British Ceramic Society, 1946, vol. 
45, Sept., pp. 309-313). The hydroxyquinoline separation 
of Al,O, has been investigated as a rapid method for 
the routine analysis of clays and firebricks. The degree 
of accuracy obtained was of the same order as with 
the classical method. A rapid method for determining 
the loss on ignition has besn developed ; it can also be 
adapted to give a carbon estimation at the same time. 
—c. 0. 

Standard Samples Issued or in Preparation by the 
National Bureau of Standards. (United States National 
Bureau of Standards, 1946, Supplement to Circular 
C398). This is a list of the metals, alloys, ceramic 
materials, and hydrocarbons, of which standard samples 
are available at the National Bureau of Standards.— 
Ri As as 

The Chemical and Physico-Chemical Analysis of Iron 
and Steel. E. C. Pigott. (Metallurgia, 1947, vol. 35, Jan., 
pp. 133-137, Feb., pp. 207-210). A bibliography of the 
contributions to the analysis of ferrous materials which 
were published during the period 1942-1946 is presented. 
—c. 0. 

Polarized Light Microscopy. P. W. West. (Chemist 
Analyst, 1945, vol. 34, Nov., pp. 76-81 ; 1946, vol. 35, 
Feb., pp. 4-8 ; May, pp. 28-35). Part I of the paper gives 
an outline of the optical properties of crystals which are 
applied in the examination and identification of sub- 
stances by polarized-light microscopy. In Part II the 
identification of isotropic and uniaxial crystals is 
described, and Part III deals with the identification of 
biaxial crystals.—R. A. R. 

The History and Present Status of Emission Spectro- 
scopy as Applied to Industry. J. Convey. (Metallurgia, 
1946, vol. 35, Nov., pp. 9-12; Dec., pp. 107-110). The 
history and development of the spectrograph having 
been described in the previous part of this paper (see 
Journ. I. and S. I., 1946, No. II, p. 143a), illustrations 
are given of modern types of prism and grating instru- 
ments and controlled light sources. The photometry and 
calibration of spectrograms are discussed, and _ brief 
reference is made to efforts to measure directly the inten- 
sity of spectral lines.—c. o. 

Rapid, Accurate, Economic Analysis of Iron and 
Steel by Means of the Spectrograph. R. F. Lab. (Blast 
Furnace and Steel Plant, 1946, vol. 34, Dec., pp. 1509- 
1514). An account is given of the spectrographic equip- 
ment used by the Copperweld Steel Company, Warren, 
Ohio, for the routine analysis of the metallic elements in 
iron and steel.—c.o. 
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Comparative Light-Transmission of the Zsiss Qu 24 
Spectrograph and the Zélande Spactrograph of Jobin and 
Yvon. (Groupement pour |l’Avaneement des Méthodes 
d’Analys2 Spectrographique des Produits Métallurgiques, 
Fifth Congress, 1946, Jan., pp. 46-64). The optical 
systems of the two spectrographs are compared. The 
effect on the relative intensity of two spectrum lines 
caused by changing from one spectrograph to the other 
is described ; this point is important in the standardiz- 
ation of methods of analysis. This change in relative 
intensity is due to reciprocity-law failure of the photo- 
graphic plate and it disappears if the two spectrographs 
are similar in their light-transmissions.—Abs. in Journ. 
Inst. Metals. 

Electrical Apparatus for Light Emission in Spectrum 
Analysis. C. G. Carlsson and R. Rynninger. 
(Swedish Metallographic Institute: Jernkontorets 
Annaler, 1947, vol. 131, No. 1, pp. 1-25). (In Swedish). * 
The electrical circuits now used for spectrographic analy- 
sis are surveyed. One group of light sources consist of 
sparks produced by discharging a condenser charged to 
a voltage lower than the breakdown voltage of the 
analysis gap, the discharge being ‘“‘ triggered’? by a 
superimposed high-tension spark of low energy. An 
attempt is made to compare the characteristics of the 
different light sources with those of the single spark, 
especially with regard to frequency and damping, 
which together determine the time of action of each 
spark. It is shown that, with the triggered discharge, 
sparks similar to those of the self-igniting type as well as 
discharges giving spectra of the same kind as a direct- 
current arc, and various intermediate forms, can be 
obtained. The old light source, namely, a direct-current 
arc, is shown to be a special case of the triggered spark. 
A short description is given of the ‘‘ Emitator,’’ a newly- 
designed light-source instrument of Swedish manufacture. 

-R.A.R. [An English translation of this paper is 
available, see Iron and Steel Institute, 1947, Translation 
Series, No. 309.] 

Metallurgical Applications of the X-Ray Diffraction 
Spectrometer. J. L. Abbott. (Iron Age, 1947, vol. 
159, Feb. 13, pp. 50-53; Feb. 20, pp. 57-61; 
Feb. 27, pp. 56-59). An X-ray diffraction spectrometer 
and some investigations carried out with it are described. 
The apparatus consists of four units, namely the X-ray 
generator, the Geiger counter spectrometer, the meter 
.and scaling unit, and the strip-chart recorder. Tests on 
brazing fluxes and welding-rod coatings showed that it 
was relatively easy to identify the principal components 
of mixtures and minerals.—R. A. R. 

The Spectrographic Determination of Small Aluminium 
Contents in Ordinary and Special Steels. R. Castro. 
(Groupement pour l’Avancement des Méthodes d’Analyse 
Spectrographique des Produits Métallurgiques, Fifth 
Congress, 1946, Jan., pp. 17-29). This is the original 
paper of which an English translation appeared in 
Metal Treatment, 1946, vol. 3, Autumn Issue, pp. 182 
196 (see Journ. I. and S. I., 1946, No. II, p. 144a). 
R. ARs 

A Review of Spectrography. H. Tardy. (Groupement 
pour l’Avancement des Méthodes d’ Analyse Spectrograph- 
ique des Produits Métallurgiques, Fifth Congress, 1946, 
Jan., pp. 37-45). The theory of the functions of the 
different parts of spectrographic apparatus is explained. 
—R. A. R. 

The Spectrochemical Analysis of Alloys with the Aid 
of Emission Spectra. R. Schmidt. (Metalen, 1946, vol. 
1, Oct. 15, pp. 17-22; Nov., pp. 37-44). (In Dutch). 
The fundamental principles of the spectrographic 
analysis of metals and alloys are explained, light sources 
are surveyed, and methods of using line intensities for 
quantitative determinations are described.—R. A. R. 
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CookE, N. M. and J. Markus. “ Electronics Dictionary.” 
8vo., pp. 433. New York, 1945: McGraw-Hill Book 
Co. Inc. ; London : McGraw-Hill Publishing Co. Ltd. 
(Price 25s). 

This illustrated glossary contains over 6000 terms 
used in radio, television, industrial electronics, 
communications, fascimile, and sound recording, etc. 
—R. E. 

DaEsEN, J. R. “ Galvanizing Handbook.” La. 8vo, 
pp- viii + 166. Illustrated. New York, 1946: Rein- 
hold Publishing Corporation. (Price 3ls. 6d.) 

This handbook presents graphically the basic 
principles involved in galvanizing practice and illus- 
trates the nature and cause of many defects encountered 
in the zinc coating.—R. E. 

Ecxet, J. F. and R. J. Raupesavexr. ‘“ Laboratory 
Manual in Metallography.”’ Fifth Edition. La. 8vo, 

"pp. viii + 344. New York, 1946: McGraw-Hill Book 
Co., Inc. ; London : McGraw-Hill Publishing Co., Ltd. 
(Price 22s. 6d.) 

The experiments included in this students’ manual, 
which cover both ferrous and non-ferrous metallurgy, 
have been used in a series of three courses given to 
metallurgical engineers at Purdue University. They 
have been designed to present: (1) The necessary 
techniques in metallography ; (2) the general funda- 
mental principles involved in the mechanical and 
thermal treatment of alloys; (3) the common treat- 
ments of representative non-ferrous alloys; and (4) 
the common treatments of representative ferrous 
alloys.—R. E. 

MatTiEeLo, J. J. ‘‘ Protective and Decorative Coatings.’ 
Volume V. 8vo, pp. ix + 662. Illustrated. New York, 
1946 : John Wiley and Sons Inc. ; London : Chapman 
and Hall Ltd. 

The fifth volume of this series dealing with the 
science of protective and decorative coatings considers 
the problems from the analytical point of. view. It 
deals with the analysis of resins and drying oils, 
laboratory .testing of metal finishes, spectral charac- 
teristics of pigments in the visual and infra-red bands, 
and “resinography,” a term used to denote the 
graphical study of resins and plastics.—R. E. 

Sproutt, W. T. ‘‘ X-Rays in Practice.’”’ First Edition. 
8vo, pp. vii + 615. Illustrated. New York, 1946: 
McGraw-Hill Book Co. Inc.; London: McGraw-Hill 
Publishing Co., Ltd. (Price 30s.) 

This book presents a broad outline of X-rays, their 
nature, and the many purposes for which they may 
beused. It deals in turn with the generation, absorption, 
scattering and diffraction of X-rays ; the measurement 
and recording of X-rays; X-ray equipment ; indus- 
trial radiography ; medical applications ; X-ray diffrac- 





tion and crystallography ; and finally, fluoroscopy, 
automatic inspection, microradiography and gem 
coloration.—R. E. 

SWIETOSLAWSKI, W. “‘ Microcalorimetry.”’ 8vo, pp. x + 
199. Illustrated. New York, 1946 : Reinhold Publish- 
ing Corporation (Price 28s. 6d.) 

A comprehensive description is given of the methods 
used in measuring small amounts of heat developed 
by different objects: Microcalorimetric measurements 
have been employed recently in physics, physical 
chemistry, physiology and biology. In addition, 
they have found applications in metallurgy, the 
cement industry, and in research work in other 
industries.—R. E. 


UniTep Srates Navy. ‘‘ Final Report of a Board of 
Investigation Convened by the Secretary of the Navy 
to Inquire into the Design and Methods of Construction 
of Welded Steel Merchant Vessels.”’ 470, pp. 164. 
Illustrated. Washington, 1947 : Government Printing 
Office. 

Early in the war, welded merchant vessels experi- 
enced difficulties in the form of fractures which could 
not be explained and steps were taken to cope with 
this problem. In 1943 the Secretary of the United 
States Navy established a Board of Investigation and 
this Board has now issued its third and final report. 
The Board concludes that : (a) The fractures in welded 
ships were caused by notches and by steel which was 
notch-sensitive at operating temperature. When an 
adverse combination of these occurs the ship may be 
unable to resist the bending moments of normal 
stresses. (The term “notch” as used in the Report 
includes structural discontinuities such as hatch 
openings, etc., and imperfections in the structure of 
the metal resulting from fabrication). (b) The serious 
epidemic of fractures in the steel structure of welded 
merchant vessels has been curbed through the com- 
bined effect of the corrective measures taken on the 
structure of the ship during construction and after 
completion, and by improvements in new design. 
(c) Locked-in stresses do not contribute materially to 
the failure of welded ships. 

The results of the investigation have vindicated the 
all-welded ship. Statistics show that the percentage 
of vessels sustaining serious fracture is small. With 
proper detail design, high-quality workmanship, 
and a steel which has a low notch-sensitivity at operat- 
ing temperatures, a satisfactory all-welded ship 
structure may be obtained. The mechanism of fracture 
is still not clearly understood, but the investigation 
has yielded much new information, and has contributed 
to a partial solution of the problem of the failure of 
welded ships.—k. E. 


NEW PUBLICATIONS 


Beaumont, R. A. ‘ Metallurgy for Aircraft Engineers, 
Inspectors and Engineering Students.’ London: 
Sir Isaac Pitman and Sons, Ltd. (Price 25s.) 


British IRON AND STEEL FEDERATION and BRITISH 
Tron AND STEEL ResEarcH Association. ‘‘ Report 
on German Blast-Furnace Practice and Plant.’’ 8vo, 
pp. 66. Illustrated. London, 1946. (Price 10s. 6d.) 


Fripman Ya. B.. “ Deformation and Fracture of Metals 
under Static and Dynamic Loadings.” Pp. 228. 
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Moscow, 1946: All-Union Institute of Aviation 
Materials. (Price 20 Rbi.) [In Russian.] 

Unirep States Navy. Final Report of a Board of 
Investigation Convened by Order of the Secretary of 
the Navy to Inquire into the Design and Methods of 
Construction of Welded Steel Merchant Vessels. 410, 
pp.164. Illustrated. Washington, 1947: Govern- 
ment Printing Office. 

Wen, S. “‘ Metallizing Nonconductors.”” Pp. 62. New 
York : Metal Industry Publishing Co. (Price $2-00.) 
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